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The System CaO—CO,—H,O and the Origin 


of Carbonatites' 


by P. J. WYLLIE? and 0. F. TUTTLE 


Division of Earth Sciences, College of Mineral Industries, The Pennsylvania State University 





ABSTRACT 


The ternary isobaric (7X) prism for the system CaO-CO,-H,O was determined at 1,000 
bars pressure between 600° C and 1,320° C. At this pressure, calcite melts incongruently at 
1,310° C, portlandite (Ca(OH),) melts congruently at 835° C, a binary eutectic exists between 
calcite and portlandite at 685° C, melting begins at 740° C on the join calcite-water and the 
univariant (isobaric invariant) equilibria lime+calcite+portlandite+liquid and calcite+ 
portlandite + liquid + vapour occur at 683° C and 675° C, respectively. The latter is the mini- 
mum liquidus temperature in the 7X prism, and the composition of this liquid is 65CaO, 
19CO,, 16H,O (in weight per cent). PT curves were determined for several univariant equili- 
bria. In the binary system CaO-H,O, four univariant curves meet at an invariant point, at 
810° C and 100 bars pressure. Portlandite dissociates only at pressures below this point. The 
minimum liquidus temperature in the ternary system varies between 685° C and 640° C in the 
pressure interval 27 bars to 4,000 bars. 

Liquids in the system are regarded as simplified carbonatite magmas in which CaO repre- 
sents the basic oxides, and CO, and H,O the volatile constituents. The liquids have low vis- 
cosity as indicated by the rapid attainment of equilibrium and the observation that crystal 
settling takes place in 15-min runs. The existence of such liquids at moderate temperatures 
through a wide pressure range leaves little reason to doubt a magmatic origin for those car- 
bonatites which appear to be intrusive. Differentiation could occur in multicomponent mag- 
mas by separation of the successive liquid fractions produced by crystallization of calcite, 
dolomite, and siderite. The determined phase relations do not favour an origin by gas transfer. 
The results also suggest that partial melting of limestones is likely at igneous contacts, and 
that impure limestones may be partially melted during high-grade regional metamorphism. 


INTRODUCTION 


THE origin of carbonatites has been a much-debated problem since the publica- 
tion of Brégger’s classic paper (1921) in which he introduced the concept that 
the carbonate rocks associated with alkaline intrusives in the Fen area crystal- 
lized from carbonate melts. Since that time petrologists have been divided in 
their opinions as to the origin of these interesting rocks, some advocating intro- 
duction of the carbonate by hydrothermal solutions or gas transfer, some argu- 
ing for a xenolithic origin, and others adhering to Brégger’s thesis that the 
carbonate was introduced as a magma. A convincing argument against the 
magmatic origin of carbonatites has been advanced by some petrologists who 
cite the low temperature of emplacement indicated by field relations, in contrast 
to the high melting temperature of calcite (1,339° C) measured by Smyth & 
Adams (1923). 

1 Mineral Industries Experiment Station Contribution No. 58-125. 

2 Now at the School of Chemistry, University of Leeds. 
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The growing interest in carbonatites and associated igneous rocks is demon- 
strated by the fact that recently detailed reviews were published almost simul- 
taneously in three countries by Pecora (1956), Campbell Smith (1956), and 
Agard (1956). Most of the literature has been discussed adequately in these 
reviews and it would serve no useful purpose to repeat the discussion. Carbon- 
atites pose a dual problem: What is the source of carbonatite, and what is its 
physical and chemical nature during emplacement? This is the first in a series of 
papers dealing with experimental studies of carbonate systems having a bearing 
on the origin of carbonatites. Here we are concerned only with the second prob- 
lem; experimental results aimed at solving the first will be published later in the 
series. 

The present report deals with the effect of a second volatile material, water, on 
melting relations in the system CaO-CO,. At the time of writing, additional 
studies are under way on parts of the following systems: (1) MgO0-CaO-CO,-H,O; 
this will throw light on crystallization of the dolomitic carbonatites (beforsites), 
(2) CaO-CO,-P,0;-H,O; this will have a direct bearing on the origin of the 
calcite-apatite carbonatites (apatite-sévites), and (3) CaO-MgO-K,O-CO,; 
this will give us an insight into the role of alkali carbonates which von Ecker- 
mann (1948) believes to be of major importance. Work is planned on the follow- 
ing systems: (1) SiO,-CaO-CO,-H,O, (2) NaAlISiO,-CaO-CO,-H,O, (3) 
KAISi,0,-CaO-CO,-H,0, &c. Addition of silicate minerals to the system des- 
cribed here may clarify the relations between carbonatites and the associated 
alkaline rocks. 

This work has been supported by the National Science Foundation and repre- 
sents a continuation of our studies on the effect of two volatiles on the melting 
behaviour of silicates (Wyllie & Tuttle, 1957; Tuttle & Wyllie, 1957; Wyllie & 
Tuttle, 1959d). 

Our thanks are due to J. W. Grieg and R. Roy for discussion of various aspects 
of the theoretical and practical problems involved in this study. 


EXPERIMENTAL METHOD 

Starting materials 

Starting materials were prepared from Baker’s ‘analysed reagent’ CaO, 
CaCO,, and Ca(OH),, which were dried at 110° C to constant weight. CaO was 
first ignited to constant weight to remove all carbon dioxide and water. The 
required proportions of the starting materials were weighed and mixed thoroughly 
in polyethylene vials in a mechanical shaker.’ In the composition ranges from 
CaO to CaCO, and CaCO, to Ca(OH),, mixtures were made at 10 weight per 
cent intervals, and in the range CaO to Ca(OH), mixtures containing 20 and 60 
weight per cent CaO were prepared. All starting materials were stored over 
KOH in a desiccator. For runs on the join calcite-water, single cleavage frag- 
ments of optical grade Iceland spar from Chihuahua, Mexico, were used. The 


1 Wig-L-Bug amalgamator. 
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compositions of prepared mixtures are shown in Fig. 1, and required composi- 
tions in the triangle Ca0O-CaCO,-H,O could be obtained by adding a known 
proportion of water to these mixtures. Proportions of the three components in 
any mixture were known within | per cent and for most parts of the system the 
accuracy was better than this. 


Fag ., 


CaO 








Ca(OH am 


pe sey CaCO, 
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H.0 CO. 


Fic. 1. Ternary isobaric (7X) prism for the system CaO-CO,-H,O. The joins investigated ex- 

perimentally are shown by vertical 7X planes. Open circles show the compositions of prepared mixtures, 

and charges within the triangle CaO-CaCO,-H,O were obtained by adding known proportions of 
water to the mixtures. 


Equipment and method 

Samples of known compositions were sealed within small gold or platinum 
capsules which provided closed systems for the charges. A capsule was placed 
in a pressure vessel, and when water or gas was pumped in, pressure was 
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imparted to the sample by collapse of the capsule walls. When liquid was among 
the equilibrium products of a run, the difference in pressure between the inside 
and outside of the capsule was believed to be negligible; when no liquid was 
present, the pressure could not be transmitted uniformly to the charge, and the 
pressure applied to the crystals could be greater than that applied to the inter- 
granular vapour. This need not concern us since we are not greatly interested in 
subsolidus results in the present study. Cold-seal bombs made of stellite were 
used for most runs (Tuttle, 1949), but for the higher temperature runs an intern- 
ally heated pressure vessel of the type described by Yoder (1950) was required. 
The accuracy of temperature measurements in our experiments is +5° C with 
the former equipment, and + 10° C with the latter. Water or argon was pumped 
into the vessel; the temperature was raised to the required level; pressure and 
temperature were maintained for a sufficient time to ensure attainment of 
equilibrium; and at the end of this time the vessel was quenched rapidly. Runs 
in cold-seal bombs were quenched at constant pressure. The pressure was not 
released until the sample had reached room temperature. 

A binocular microscope, a petrographic microscope, and X-ray powder 
diffraction patterns were used for identification of the phases present at the end 
of a run. 

Only 200 critical runs of the 700 completed in the system are listed in the tables. 


Identification of phases 


Phases encountered in the system were lime (CaO), calcite (CaCO,), portland- 
ite (Ca(OH),), liquid (close to the join CaCO,—Ca(OH),), and vapour (mixtures 
of almost pure H,O and CO,). There is considerable discussion in the literature 
concerning the use of such terms as vapour, fluid, supercritical fluid, gas, &c., to 
describe the latter phase. In this paper it is called ‘vapour’ to distinguish it 
clearly from the liquid phase with which it can co-exist, although at high pres- 
sures its density may approach that of the liquid phase. 

For the sake of simplicity, an abbreviated notation is used: lime = C, 
calcite = CC, portlandite = CH, liquid = L, and vapour = V. The assemblage 
calcite +liquid+ vapour thus becomes CC+-L+-V. 

As the liquid phase in this system could not be quenched to a glass, other 
criteria had to be used to establish the existence of a liquid at the temperature 
and pressure of the experiments. The physical character of samples at the end of 
each run yielded much useful information. The samples were examined in 
three stages: (1) study of the sealed capsule, (2) study of the whole charge under 
the binocular microscope, and (3) study of the crushed charge in immersion 
media using a petrographic microscope. 

1. The external characteristics of the capsule at the end of a run were care- 
fully noted. If the capsule was squashed flat, the charge contained a vapour 
phase very poor in CO,—or no vapour phase at all—whereas, if the capsule was 
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puffed, a vapour phase rich in CO, was present. If a vapour phase was absent, or 
poor in CO,, the capsule was moulded to the sample, whose distribution within 
the capsule could thus be seen. Similarly, a small amount of vapour present as 
bubbles within liquid was manifested by the appearance of small hemispherical 
depressions on the surface of the capsule where the gold or platinum had been 
forced into the cavities remaining in the quenched liquid when the vapour 
phase condensed. 

2. The capsule was cut open, and the sample viewed with a binocular micro- 
scope. If there had been melting, this was usually apparent because the charge 
was then well consolidated and had a smooth shiny surface. The size, shape, and 
distribution of crystals within the charge, and the presence or absence of bubble 
pits on the surface of the charge were recorded. Sometimes, although the outside 
of the capsule was smooth, the surface contained innumerable bubble pits. This 
occurred only when the bubbles were very small. If no vapour, or only a small 
proportion, was present, the top of the charge was compressed into a thin sheet 
and the capsule was welded tightly over it. If liquid and vapour were both 
present, a deep concave meniscus was often preserved where the former liquid 
was in contact with vapour. If vapour rich in H,O was present, the charge con- 
tained water when it was cut open. 

3. In many instances the equilibrium assemblage could be determined without 
recourse to the petrographic microscope. However, every sample was crushed 
and examined in immersion media. When segregation of materials occurred with- 
in the capsule, e.g. crystal settling in liquid, the different fractions were crushed 
and examined separately. The charges were usually examined in oil of refractive 
index 1-594. The refractive index of lime is much greater than this, the indices of 
portlandite are less than this, and calcite has one index greater and one less than 
1-594. 

Lime was easily recognized by its relatively small size, its isotropic nature, and 
its very high refractive index (n = 1-838). 

Portlandite formed clear transparent plates with perfect basal cleavage and 
refractive indices of n., = 1-575 and n, = 1-547. Isotropic plates yielded good 
uniaxial negative interference figures. Lath sections, with moderate birefring- 
ence, looked rather like muscovite. In subsolidus runs the plates were hexagonal, 
but when liquid was present the crystals grew much larger and there was a 
tendency for the edges to be rounded. 

Calcite formed small well-crystallized rhombs in subsolidus runs, but when 
liquid was present the crystals were much larger, and most were rounded. Calcite 
was distinctive because of its cleavage and high birefringence. Calcite I was the 
only polymorph recognized, although calcite II was probably stable above 
945° C (see section on CaO-CO,). 

Vapour was recognized according to criteria outlined previously. When only 
a trace was present, it formed bubbles within the charge, and the capsule was 
welded tightly over the charge. However, similar bubbles could have formed 
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within the charge during a quench; if a liquid was nearly saturated with vapour, 
rapid progressive crystallization during the quench could have caused displace- 
ment of some H,O and CO, from the liquid, with the formation of bubbles. In 
addition, cavities were produced between large quench portlandite crystals be- 
cause the crystals were more dense than the liquid from which they grew and 
therefore required less space. Thus it was impossible to locate the field boundary 
between liquid and vapour fields with the precision normally expected in phase 
studies. 

Liquid was not quenched to glass in this system, although glasses can be 
obtained in some carbonate systems. The former presence of liquid was first 
established from the physical nature of the charges, and the microscopic character- 
istics of quenched liquid were learned from charges for which melting was 
established in this way. They were then used to identify liquids in charges where 
the physical features were equivocal. The nature of the quenched liquid varied 
considerably with composition and was influenced greatly by the primary phase 
crystallizing from it. 

The first runs made in the system were on the join CaCO,-H,0, and, here, a 
single cleavage fragment of calcite was sealed within a capsule with a known 
proportion of water. When melting occurred, the transparent cleavage fragment 
was replaced by a dense white cake. If a small proportion of vapour was in 
equilibrium with the liquid, the material was distributed all around the edges of 
the flattened capsule, with a narrow flat surface presented towards the centre of 
the capsule which was occupied by vapour during the run. Physical disintegra- 
tion of the fragment and redistribution of the material is regarded as a clear 
demonstration of melting. (It should be pointed out that if a single cleavage 
fragment of calcite is converted to lime by heating at a low pressure, the trans- 
parent calcite changes to a chalky white fragment, with the same shape, and with 
no redistribution of solid material.) When only a small proportion of liquid was 
developed, this formed a thin white layer between the walls of the capsule and 
the transparent fragment. Microscopic examination of melted charges near 
calcite in composition showed beautiful dendritic calcite crystals. If the charge 
was crushed too fine, the calcite was reduced to small rounded grains and the 
dendritic nature of the charge could easily be overlooked. For melted charges 
with appreciable water content, X-ray powder patterns showed the presence of 
portlandite and calcite. Microscopic examination revealed dendrites of calcite 
set in brown fibrous portlandite. Similar quench material was found in all 
ternary charges consisting of CC+L-+-V. 

Melting of portlandite could not be recognized by the same criteria of physical 
disintegration and redistribution of material, because portlandite could not be 
obtained in suitable fragments. However, it was found that portlandite which 
grew from liquid during a quench had many characteristics that distinguished it 
from primary portlandite. Melting was recognized in a mixture of portlandite and 
water by the preservation of a good meniscus at the surface of the quenched 
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charge. The meniscus showed the former presence of liquid and vapour, and 
microscopic examination of the charge revealed no trace of clear primary port- 
landite. The portlandite that grew during the quench formed transparent plates 
and blades many times larger than the primary plates found in other runs, and 
the difference was easily detected under the binocular microscope. Although the 
enormous quench crystals appeared to be homogeneous, examination with the 
petrographic microscope showed that they were composite, being composed of 
large and small colourless crystals in a variety of forms ranging from equant, 
through fibrous, to dendritic. The constituent crystals usually exhibited irregular 
extinction or twinning. Interference figures were negative with a very small 2V in 
contrast to primary portlandite which was uniaxial. 





Fic. 2. Sketched microscopic characteristics of quenched charges in the system CaO-CO,-H,O. 
A, equilibrium assemblage: portlandite + liquid. Clear, rounded primary portlandite plates in a matrix 
of pale brown, fibrous, and platy quenched liquid, which also encloses large, composite, rectangular 
plates of quench portlandite. The primary crystals attain diameters of 1 or 2 mm, whereas the blades 
of quench portlandite attain lengths of 5 mm. B, equilibrium assemblage: liquid. Brown fibrous 
quenched liquid, containing sparse calcite dendrites. c, equilibrium assemblage: calcite+ liquid. 
Rhombohedral or rounded primary calcite in brown fibrous quenched liquid, crowded with calcite 
dendrites. The primary calcite crystals attain diameters of 1 mm. 


These large quench portlandites were typically developed in liquids with 
portlandite as the primary phase, while the dendritic calcite typically developed 
from liquids having calcite as the primary phase. Liquid compositions were 
restricted to a narrow zone along the join calcite-portlandite, and the character 
of the quenched liquids varied between the two extreme types described above 
(Fig. 2). 

In all parts of the system equilibrium was attained within a few minutes. If 
a run lasted more than 30 min, crystals often grew so large that microscopic 
relationships between liquid and crystals were obscured. In order to check that 
equilibrium had been attained in 15 min several runs were made in addition to 
those used to determine boundaries of phase fields in the isothermal planes of 
Fig. 8. 

Calcite and portiandite, when stable with liquid, grew to much larger sizes 
than the finely crushed starting material. Samples were held in the field of 
CC+L-+V 15 min and the temperature was raised until the charge entered a 
field where L+-V was stable. After a further 15-min period, the run was quenched 
and it was found that all the calcite stable at the lower temperature had passed 
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into the liquid phase. Similarly, a charge was cooled rapidly from a field where 
it consisted of L+-V into a field where CC-+ L+-V was stable. After 15 min at the 
lower temperature, the quenched product appeared identical with the normal 
starting material when held there. In other runs a charge held in the field of 
CC+L+V was cooled to a lower temperature in the same field, where a higher 
proportion of calcite was stable. After quenching, the charge was examined in 
immersion media. No evidence of a secondary growth of calcite on the original 
grains could be found, whether the charge was cooled quickly or slowly from the 
higher temperature. These runs confirm that reactions occur extremely rapidly 
in this system, and that the equilibrium assemblage responds readily to adjust- 
ment of the external conditions. The nature of quenched liquid when the charge 
was quenched rapidly has been described, and it changed only slightly when the 
quench rate was varied. Even when a run was cooled very slowly, the former 
liquid was still recognizable as such, although it was more coarsely crystallized. 

Two interesting features were noted when liquids contained bubbles of 
vapour. Quenched liquids rich in Ca(OH), often contained small spherical 
crystals of clear portlandite, each with a vapour bubble in the middle. There 
_ appeared to be a rough correlation between the size of the bubble and of the 
concentric portlandite crystal. Apparently, during the quench, clear portlandite 
grew uniformly outwards from the liquid-vapour interfaces of the bubbles before 
the very large quench portlandite developed. The second feature was encoun- 
tered in charges rich in CaCO,, quenched from a high temperature field of L+-V. 
They formed a white cake with many chalky white spots of varying sizes on its 
surface and with a chalky white rim around its edges. The binocular microscope 
showed that the chalky spots surrounded vapour bubbles, and the petrographic 
microscope showed that although the whole charge was composed essentially of 
dendritic calcite, the chalky white portions were of much smaller calcite dend- 
rites. This suggests that chilling was more rapid at liquid-vapour surfaces, as 
might be expected, and a similar process could explain the rapid crystallization 
of clear spherical portlandite crystals around vapour bubbles in the other 
example. 

Crystal settling was observed in many partially melted charges, and for those 
rich in CaO the separation of liquid and crystals was almost complete after a 
15-min run. The ease with which crystals can sink through these liquids has im- 
portant petrological implications. 


RESULTS 


In order to represent a ternary system in three-dimensional space, it is neces- 
sary to fix one of the three variables: pressure, temperature, or composition. 
We fixed the pressure because it is convenient experimentally to work under 
isobaric conditions. The system can then be represented by a ternary isobaric 
(TX) prism (Fig. 1), whose base is an equilateral triangle with corners represent- 
ing the components CaO, CO,, and H,O. Temperature axes form the edges of 
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the prism, and the three sides are isobaric TX sections through PTX models of 
the binary systems CaO-CO,, CaO-H,O, and CO,-H,O. 

Little is known of the phase relationships of CO, and H,O at the PT conditions 
of the present study, but some data are available for the binary systems CaO- 
CO, and CaO-H,O. However, most of this is subsolidus, and we are chiefly 
interested at present in the temperatures and compositions of liquids. Phase re- 
lations in the 7X prism at 1,000 bars pressure are described in the first part of 
this section. The bounding binary systems CaO—-CO, and CaO-H,O, and the 
joins CaCO,-Ca(OH), and CaCO,-H,0 are first described, then results from 
other parts of the ternary system enable us to follow through the TX prism the 
phase fields encountered along these joins. 

According to the phase rule, any three phases can co-exist at only one tempera- 
ture under isobaric conditions in a binary system. Similarly, in an isobaric 
ternary system any four phases can co-exist at only one temperature. Therefore, 
whenever three phases in a binary system, or four phases in a ternary system co- 
exist at constant pressure, we are dealing with isobaric invariant equilibria. In 
binary systems these will be represented by straight lines parallel to the composi- 
tion axis, and in ternary systems they will be represented by planes (quadrilater- 
als or triangles) parallel to the base of the 7X prism. At a different pressure, these 
same equilibria again represent isobaric invariant conditions, but they occur at 
different temperatures. In PTX space, the binary isobaric invariant lines thus 
generate univariant surfaces, and the ternary isobaric invariant planes generate 
univariant spaces. For both binary and ternary systems, the univariant equilibria 
can be projected onto a PT plane as a series of lines, and the final part of this 
section deals with the temperature variation with pressure of three-phase (binary) 
and four-phase (ternary) univariant equilibria. 


CaO-CO, 


This system has been the subject of many studies at low pressures but in this 
section discussion of published results will be limited to the work of Smyth & 
Adams (1923). 

Smyth & Adams used differential thermal analysis to investigate the reactions 
occurring at various pressures in the presence of excess CO,. They concluded 
from their data that at 1,000 bars pressure calcite melts congruently at 1,339° C, 
and this formed the basis for the schematic isobaric diagram presented by Wyllie 
& Tuttle (1959a). It should be realized, however, that calcite can melt congru- 
ently to liquid in the presence of CO, at only one temperature and pressure (i.e. 
at a singular point). Use of CO, as a pressure medium limits the reactions which 
can be studied to those including CO, as one of the phases. Re-investigation of 
the system using the sealed capsule method and a quenching technique has 
shown that at 1,000 bars pressure, calcite melts incongruently to L+V at 
1,310° C+ 10° C (Fig. 3). 

An isobaric equilibrium diagram for the system at 1,000 bars pressure is shown 
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in Fig. 3, and the runs used to determine the diagram are listed in Table 1a. The 
high temperatures demanded use of the internally heated pressure vessel. 
Runs were made using single cleavage fragments of calcite, crushed calcite, 
and mixtures with compositions between CaO and CaCO, (Fig. 1). Considerable 
difficulty was experienced with water adsorbed on the surface of the finely 
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Fic. 3. Isobaric equilibrium diagram for the system CaO-CO, at 1,000 bars. C = CaO, 
CC = CaCO,, L = liquid, V = vapour. The vapour is almost pure CO,, but this part of the diagram 
has been distorted in order to show the phase relations. 


crushed starting materials. Single cleavage fragments presented no trouble in 
this respect because the surface area was much smaller and the fragment could 
be thoroughly dried prior to each run. 

At 1,300° C and below, the cleavage fragments remained unaltered except for 
some shattering produced as the enclosing platinum was distorted around the 
fragment by the external pressure. During a run, the sides of the platinum capsule 
became welded together so that the fragment was tightly encased in a small 
volume. At 1,320° C the charge was contained in the small pocket developed by 
closure of the capsule around the original fragment, but the fragment was con- 
verted to a mass of coarse dendritic calcite containing innumerable bubbles, and 
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Results of quenching experiments at 1,000 bars pressure in the system 
CaO-CO,-H,O 


C = CaO, CC = CaCO, CH = Ca(OH),, L F = cleavage fragment, 









































Composition 
CaO | CaCo, Temp. Time Result 
(weight per cent) (°C) (min) 
20 80 1,320 6 C+L 
20 80 1,240 15 C+L 
20 80 1,220 15 C+CC+L 
10 90 1,320 6 C+L 
10 90 1,240 15 C+L 
10 90 1,220 15 C+CC+L 
—- 100F 1,320 6 LiV 
-—- 100F 1,300 7 cc 
= 100F 1,280 12 aa 
— 100 1,320 6 L+V 
—— 100 1,300 7 CC+L+V 
— 100 1,280 12 CC+LiV 
~~ 100 1,250 15 cc 
TABLE |B. CaO-H,O 
Composition 
cao | Ca(OH), | H,O Temp. Time Result 
(weight per cent) CC) (min) 
60 40 — 830 15 C+CH 
60 40 — 840 10 C+L 
20 80 ~ 810 15 C+CH 
20 80 — 830 15 C+CH-+ Lit) 
20 80 — 840 10 C+L 
20 80 -— 1,300 2 C+L 
- 100 — 820 15 CH 
— 100 = 830 15 CH+L 
—~ 100 — 840 10 rs 
— 100 _- 920 25 L 
— 97-8 2:2 820 15 CH+L 
— 97-5 2:5 828 15 CH+L 
— 91 ) 800 15 CH+V 
— 86:5 13-5 810 15 CH+L+V 
—- 89 11 820 15 L+V 
— 92:5 75 828 15 L+V 
— 93 7 850 15 L+V 
=~ 45 55 810 i5 CH+V 
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TABLE Ic. CaCO,-Ca(OH), 












































Composition 
CaCo,; | Ca(OH), Temp. Time Result 
(weight per cent) CC) (min) 
10 90 820 15 L 
10 90 795 15 CH+L 
10 90 685 30 CC+CH+L 
20 80 795 15 L 
20 80 770 30 CH+L 
30 70 770 30 3 
30 70 725 15 CH+L 
30 70 685 30 CC+CH+L 
30 70 675 25 CC+CH 
40 60 725 1 } 3 
40 60 695 15 CH+L 
40 60 685 25 CC+CH+L 
40 60 675 2: CC+CH 
50 50 770 30 £ 
50 50 725 15 CC+L 
50 50 695 15 CC+L 
50 50 685 25 CC+CH+L 
50 50 675 120 CC+CH 
60 40 850 15 L 
60 40 770 30 CC+L 
60 40 685 30 CC+CH+L 
60 40 675 25 CC+CH 
70 20 960 15 L 
70 30 920 20 CC+L 
80 20 1,100 15 L(+ V?) 
80 20 960 15 CC+L 
80 20 685 30 CC+CH+L 
90 10 1,200 30 L+V 
90 10 1,100 15 CC+ L(+ Vv?) 
TABLE Ip. CaCO,(F)}-H,O 
Composition 
CaCo, H,O Temp. Time Result 
(weight per cent) (°C) (min) 
97-5 2:5 1,195 30 CC+L(+V?) 
95 5 1,195 60 L(+v?) 
20 80 1,190 30 L+V 
94 6 1,120 60 CC+L+V 
91 y 1,120 60 L+V 
88 12 1,045 30 CC+L+V 
85 15 1,045 30 L+V 
9-5 91-5 1,045 30 L+V 
92 18 1,005 30 CC+L+V 
76 24 1,005 30 L+Vv 
66 34 990 60 L+V 
66 34 965 30 CC+L+V 
54-5 45-5 965 30 L+v 
55 45 940 30 CC+L+V 
7-5 92-5 940 30 L+V 
39 61 930 30 L+V 
39-5 60-5 915 30 CC+L+V 
24 76 890 65 L+V 
16 4 890 65 L+V 
24-5 75-5 875 120 CC+L+V 
19 81 830 30 CC+L+V 
68-5 31-5 765 30 CC+L+V 
52-5 47-5 760 30 CC+L+V 
75-5 24-5 755 30 CC+V 
38 62 750 960 CC+L+V 
34-5 65-5 735 35 CC+V 
23 77 730 1,025 CC+V 
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Composition 
CaO | co, | H,O Temp. Time Result 
(weight per cent) re (min) 

63 34 3 920 15 C+CC+L 
61-5 33-5 5 920 15 CC+L 

72 26 2 920 15 C+CC+L 
68 25:5 6°5 920 15 C+L 

62 31 7 920 20 CC+L 

o4 26 10 920 20 L 

76 8 16 920 15 C+L 

72-5 7:5 20 920 15 L 

60 30 10 920 20 CC+ L(+ V?) 
61 25:5 13-5 920 20 L+V 

53-5 26:5 20 920 20 CC+L+V 
56 23 21 920 20 L+V 

45 26:5 28-5 920 20 CC+L+V 
47 23 30 920 20 L+V 

36 21 43 920 20 CC+L+V 
32:5 19 48-5 920 20 L+V 

47 3 50 920 15 L+V 

65 29 6 770 20 C+CC+L 
ot 26 10 770 30 CC+L 

74:5 21 45 770 15 C+CC+L 
70 20 10 770 15 C+L 

66 22 12 770 30 L 

70:5 15-5 14 770 20 C+L 

70 13 17 770 30 } 

87 8-5 45 770 15 C+L 

75 12 8 770 15 C+L 

pa 8 15 770 15 C+CH+L 
72 G 19 770 30 CH+L 

59 24 17 770 30 CC+LiV 
59-5 20 20-5 770 30 L+V 

65 12 23 770 15 L+V 

65 8 27 770 15 CH(t)+L+V 
53 22 25 770 30 CC+L+V 
53 18 19 770 30 L+V 

43 18 39 770 785 CC+L+V 
47 16 37 770 785 L+V 

45 5:5 49-5 770 15 L+V 

52 3 45 770 15 CH+L+V 
39 5 56 770 15 CH(t)+L+V 
38 13 49 770 785 L+V 

27:5 11-5 61 770 785 CC+L+V 
73-5 15-5 11 695 15 C+CH+L 
70 20 10 695 15 C+CC+L 
82 13 5 685 15 C+CC+CH+L 
76 12 12 685 15 C+CC+CH+L 
66 22 12 685 25 CC+CH+L 
68 17:5 14-5 685 25 CC+CH+L 
60 20 20 685 25 CC+L+V 
62:5 16 21-5 685 25 CH+L+V 
36 12 52 685 25 CC+L+V 
33 8:5 58-5 685 25 CH+L+V 
81 13 6 675 15 C+CC+CH 
73-5 11-5 15 675 15 C+CC+CH 
68 17:5 14-5 675 25 CC+CH 

63 21 16 675 30 CC+CH+L+V 
65 17 18 675 30 CC+CH+L+V 
32 11 57 675 120 CC+CH+L+V 
35 9 56 675 25 CC+CH+L+V 
73-5 11-5 15 665 15 C+CC+CH 
40 10 50 665 270 CC+CH+V 
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minute grains of CaO. The material had been squeezed to the periphery of the 
small pocket, and the central part was occupied by a vapour space. Disintegration 
of the cleavage fragment, redistribution of material, development of calcite 
dendrites, and the presence of bubbles show that the reaction CC = L+-V occurs 
between 1,300° C and 1,320° C. 

Results obtained with powdered calcite indicate a considerable melting 
interval (Table 1A). In subsolidus runs the finely divided calcite recrystallized to 
large rounded grains, quite distinct from the coarse dendritic material which 
grew from liquid on the quench, but between 1,270° C and 1,300° C the charges 
consisted of CC+L+V. In a binary system at constant pressure, three phases 
can co-exist at only one temperature, and the melting interval occurs because 
the charges contained a small proportion of water, despite the fact that they 
were stored in a desiccator, and dried 24 h at 110° C immediately before each 
run. This is demonstrated by X-ray patterns of the products, which reveal a trace 
of Ca(OH),. Fig. 6 shows that calcite will melt completely at 1,280° C in the 
presence of 1 weight per cent water, so a trace of adsorbed water would produce 
a significant proportion of ternary liquid. A melting interval where none is ex- 
pected is found frequently, even when great care is taken with the preparation of 
starting materials (see discussion in Greig, 1927), and the required melting 
temperature is normally taken as the temperature at which the last crystal dis- 
appears. At 1,300° C the charge consisted of about 50 per cent primary calcite, 
whereas at 1,320° C none remained; the binary isobaric invariant equilibrium 
CC+L-4-V is therefore between 1,300° C and 1,320° C. This agrees with the 
result obtained using single cleavage fragments. 

Mixtures containing CaO are much more susceptible to water contamination 
than calcite. Once the water is adsorbed, moderate heating fails to remove it, and 
ignition would decompose the CaCO, . The only way to obtain satisfactory results 
in the join CaO-CaCO, is to ignite the CaO, dry the CaCO,, rapidly weigh out 
and mix the required charges, and make up, at one time, enough sealed platinum 
capsules to complete the study of the system. Water contamination is thus reduced 
to a minimum. The results listed in Table 1A were obtained using this method. 
Again, a melting interval was observed, and the binary isobaric invariant equili- 
brium C+ CC+Lwas assumed to lie between 1,220°C (C+-CC+ L) and 1,240°C 
(C+ L), by analogy with the results obtained using crushed calcite. X-ray powder 
patterns confirmed that the proportion of Ca(OH), in the liquid was small and of 
the same order as that ir partially melted CaCO, charges. Since the latter results 
agreed with those obtained using cleavage fragments, we have reasonable confi- 
dence in a temperature of 1,230° C+ 10° C for the equilibrium C+CC+-L. If 
in error at all, this temperature is too low because of adsorbed water. 

Charges quenched from the field C-+-L contained fairly iarge rounded CaO 
grains set in coarse dendritic calcite enclosing minute grains of CaO. The 
quenched liquid precipitated wormy intergrowths of CaO (reminiscent of 
granophyric texture) in addition to the small ‘second generation’. 
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The eutectic! between CaO and CaCO,, and the field of CC+L lie between 90 
and 100 weight per cent CaCO. Since the eutectic is 80° below the melting 
temperature of CaCO,, it is probably quite close to the composition 10CaO, 
90CaCO,. This is suggested, also, by the small proportion of primary CaO in 
charges of this composition, and by the abundance of ‘second generation’ CaO 
precipitated from the liquid. 

Jamieson (1957) extrapolated the available experimental data and suggested 
that calcite II (discovered by Bridgman in 1939) might be stable above 975° C 
at CO, pressures such that dissociation did not occur. Jamieson, Stewart, & 
Skinner, working on the system CaCO,-SrCO,, have obtained X-ray data that 
support the hypothesis that calcite II is stable above 975° C (personal com- 
munication). The reversible transition at 975° C involves a minor structural 
change, and calcite II cannot be quenched. If Jamieson’s indication of the effect 
of pressure is correct, the stable form of calcite above 945° C in Fig. 3 may thus 
be calcite II, although only calcite I was observed after quenching the runs. 

In the binary PTX model, lines representing the isobaric invariant equilibria 
C+CC+L (1,230° C) and CC+L+V (1,310° C) generate univariant surfaces. 
Their PT variation will be discussed in a later section. 


CaO-H,O 


A comprehensive summary of earlier work in this system, much of it at 
relatively low temperatures and pressures, has been given by Majumdar & Roy 
(1956). It was previously believed that portlandite (Ca(OH),) dissociated to 
CaO and H,O at pressures up to at least 2,500 bars. Majumdar & Roy presented 
a PT curve for the reaction, giving a dissociation temperature of 740° C at 1,000 
bars pressure. We have evidence that dissociation of portlandite is limited to 
pressures below 100 bars, and that at 1,000 bars pressure, portlandite melts 
congruently at 835° C. Melting was first suspected when it was found that pro- 
jection of the liquidus surface in the ternary system CaO-CO,—H,O toward the 
bounding system CaO-H,O indicated melting at relatively low temperatures. 
Subsequent study of the binary system confirmed that portlandite melts over a 
wide range of pressures (Wyllie & Tuttle, 19595). 

Majumdar & Roy worked with open capsules, and at the end of a run they 
used a ‘leak-quench’ technique in which both pressure and bulk composition 


1 At the pressures under consideration there are two liquid spaces in the PTX model of this binary 
system, and for similar systems involving volatile and non-volatile components. Intersection of the 
high-temperature liquid space at a pressure of 1,000 bars is illustrated in Fig. 3. The other liquid space 
appears at very low temperatures where the vapour phase condenses to a liquid rich in carbon dioxide. 
The liquid spaces are widely separated within the PTX model, both in composition and in tempera- 
ture. A complete description of the phase relations in such systems will be presented elsewhere, as we 
are not concerned here with the low-temperature liquid. Isobaric invariant liquids (in equilibrium with 
two other phases) occur in both liquid fields. In the high-temperature field an isobaric invariant liquid 
can be in equilibrium with two crystalline phases, or with one crystalline phase and a vapour (see Fig. 
4). These should be distinguished and we will refer to them, respectively, as Type I and Type II 
isobaric eutectics. 
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varied considerably before room temperature was reached. The phase fields 
intersected during such a quench will not be known until the PTX model for the 
system is completely determined. We studied the system under isobaric conditions 
and, by quenching at constant pressure, the phase fields intersected by the charge 
during a quench can be deduced with less difficulty. The difference in quenching 
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Fic. 4. Isobaric equilibrium diagram for the system CaO-H,O at 1,000 bars. C = CaO, 
CH = Ca(OH),, L = liquid, V = vapour. The vapour is almost pure H,O, but this part of the 
diagram has been distorted in order to show the phase relations. 


techniques undoubtedly accounts in part for the discrepancy between the present 
and the earlier results. 

An isobaric equilibrium diagram for the system at 1,000 bars pressure is shown 
in Fig. 4, and the runs used to determine the diagram are listed in Table |B. 

Runs were made using pure portlandite, two mixtures between CaO and 
Ca(OH), (Fig. 1) and charges containing known proportions of Ca(OH), and 
H,O. Our interpretation of the results can be simply illustrated by describing 
what happened to charges of Ca(OH), plus excess H,O when they were held at 
various temperatures at the pressure of the isobar. At the end of these runs the 
capsules contained water, snowing that vapour was present at equilibrium. For 
all runs below 800° C, the compacted charge, when viewed under the binocular 
microscope, was seen to consist of close-packed, medium-grained portlardite 
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plates, with a white sugary texture. For all runs above 820° C, the charge was 
quite different, consisting of very large transparent plates and blades of portland- 
ite extending in sub-radial fashion from one side of the charge to the other; the 
surface of the charge was not sugary, but smooth and shiny. Moreover, in most 
runs, the shape of a meniscus was preserved above the sample. Its presence 
demonstrated the co-existence of liquid and vapour (almost pure H,O). In an 
isobaric binary system, portlandite can co-exist with liquid and vapour at only 
one temperature. Therefore, the equilibrium assemblages above 820° C con- 
sisted of L+V. At 800° C and below, the sugary charges contained none of the 
large portlandite blades identified as quench liquid; the equilibrium assemblage 
therefore consisted of CH+V. The microscopic differences between primary and 
quench portlandite, described earlier, were established by studying charges from 
these two fields in immersion media. 

Some runs held at 810° C consisted partly of sinall sugary grains, and partly of 
large blades. Microscopic examination confirmed the presence of both primary 
and quench portlandite crystals. The co-existence of three phases (CH+L+V) 
satisfies isobaric invariance, but the line representing the three-phase equilibrium 
was placed between 810° C and 820° C for the following reason. 

Although every effort was made to prevent contamination of starting materials, 
Ca(OH), picked up CO, so readily that all runs plotted on this join contained 
some CaCO,. The join is therefore not binary, but it is really a plane through the 
ternary prism, very close to the bounding plane CaO-H,O-temperature (Fig. 1). 
CH-+V does not melt to L+-V at one temperature, as it would if the system were 
truly binary, but passes through a three-phase melting interval. The isobaric 
invariant line was taken as the temperature at which no primary portlandite 
crystals could be found among the quench portlandite. As a further result of the 
contamination, all runs below the liquidus contained some brown quench 
material, similar to the quenched liquid in the ternary system. Once this was 
recognized as quenched ternary liquid, its presence did not obscure the overall 
relations in the binary system. 

Charges consisting of portlandite without water behaved similarly, passing 
through a melting interval which was followed readily with both the binocular 
and the petrographic microscope. The congruent melting temperature of port- 
landite at 1,000 bars pressure is 835° C, and the same temperature was deter- 
mined for the three-phase equilibrium C+CH+L. 

The univariant reaction C+-CH = L was established using criteria described 
earlier. The beginning of melting (at 830° C) was marked by the development of 
large portlandite plates in the fine-grained charge; when melting was completed 
(at 840° C), the charge consisted entirely of large portlandite plates enclosing 
small rounded crystals of CaO. Microscopic confirmation that no primary port- 
landite remained at 840° C established the fact that this charge was within the 
field of C+L. 

In summary, two surfaces representing the univariant equilibria C+-CH+-L 


6233.1 Cc 
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and CH+L-+-V intersect the isobaric section (Fig. 4) in isobaric invariant lines at 
835° C and 815° C, respectively. The congruent melting temperature of portland- 
ite is also 835° C within the limits of temperature measurement, and this repre- 
sents a point on a line of restricted univariance (CH = L). The approximate 
composition of the liquid which co-exists with Ca(OH), and vapour is known 
(Table 1B) and the eutectic between CaO and Ca(OH), must be very close to 
Ca(OH),. The effect of pressure on these equilibria will be discussed in a later 
section. 


CaCO,—Ca(OH), 


This join crosses the ternary isobaric prism, connecting the compounds in the 
bounding binary systems (Fig. !). The melting behaviour of the compounds has 
been described above; portlandite melts congruently but calcite melts incon- 
gruently at 1,000 bars pressure, so the join is not strictly binary (Wyllie & Tuttle, 
1959c). However, the results obtained show that at this pressure, only a high- 
temperature region near the melting-point of calcite is ternary, the rest of the join 
being binary. 

The isobaric equilibrium diagram for the join is shown in Fig. 5, and the runs 

_used to determine the diagram are listed in Table Ic. At temperatures below 
685° C, charges consisted of fine-grained portlandite plates and small rhombs of 
calcite. At 685° C all runs consisted of the three phases, CC+-CH+L. Above 
685° C the join intersects the fields of CH+-L, L, CC+-L,CC+L+V, and L+V. 
The exact positions of the boundaries between the fields containing L+V, and 
those without vapour, are not known because of the difficulty of recognizing the 
presence of a trace of vapour. The composition of the eutectic at 685° C is 
44CaCO,, 56Ca(OH), (in weight per cent). 

Liquids with compositions close to the eutectic quenched to brown fibrous or 
platy portlandite containing a fine intergrowth of calcite dendrites. For liquids 
richer in calcite, the dendrites were larger and more abundant. Liquids rich in 
portlandite precipitated first the very large quench portlandites described earlier, 
and then the brown fibrous or platy quench portlandite; calcite dendrites were 
rarely found. The nature of quenched liquids thus depended to a great extent 
upon which phase field was entered first during the quench. It depended also 
upon whether crystals were present, before the quench, as nuclei to hasten the 
growth of dendrites (Fig. 2). 

We found no evidence for the reversible non-quenchable transition from cal- 
cite I to calcite II, but from the work of Jamieson, Stewart, & Skinner it appears 
that calcite II is the stable phase above 945° C at this pressure (personal com- 
munication). This means that calcite II is precipitated from high-temperature 
liquids, and this inverts to calcite I on quenching. Fields of CCII+L and 
CCII+L+-V are indicated in Fig. 5, but in subsequent diagrams the stability 
fields of calcite II are omitted. The transition involves a minor structural change, 
and therefore has little effect on liquidus surfaces. 
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The eutectic at 685° C is an isobaric invariant line, representing the inter- 
section of a binary univariant surface, CC+CH+L, with the isobaric section 
through the binary part of the join. In the ternary system, with changes in pres- 
sure and temperature, the eutectic composition generates a line of restricted 
univariance (see later discussion on the effect of pressure). 
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Fic. 5. Isobaric equilibrium diagram for the system CaCO,—Ca(OH), at 1,000 bars. CC = CaCOs, 
CH = Ca(OH), L = liquid, V = vapour. Calcite II may be stable above 945° C (see text). The sys- 
tem is binary at this pressure except where vapour is present. 


CaCO,-H,O 

This join was the first to be investigated because the physical disintegration of 
a single cleavage fragment could be used as a criterion for melting. The only 
other controlled attempts to melt calcite in the presence of water alone, so far as 
the authors are aware, are the classic experiments of Hall (1812), those of 
Smyth (in Daly, 1925), and of Heard (in Paterson, 1958). Sir James Hall fused 
calcite in the presence of water at 1,000° C. Smyth conducted experiments at 
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Daly’s suggestion, and these were described briefly by the latter in his paper on 
carbonatite dykes in kimberlite (1925). Daly was convinced from a field study 
that the dykes were emplaced as liquids, and Smyth agreed to submit calcite and 
samples of the rocks to varying PT conditions in the presence of water. The two 
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Fic. 6. Isobaric equilibrium diagram for the join CaCO,-H,O at 1,000 bars. CC = CaCO,, 

L = liquid, V = vapour. This is not a binary system; it shows the ternary phase fields intersected by 

the 7X plane through the join. When liquid and vapour co-exist, their compositions do not lie in the 

plane of the section. The four lines meeting in a point represent the intersection of the 7X plane with 

four surfaces meeting in a line, the vaporus field boundary. The point is thus a piercing point, where 

the vaporus field boundary intersects the TX plane. The vapour field has been enlarged in order to 
show the phase relations. 


carbonatite samples selected for experimentation contained 38-5 and 74-2 norma- 
tive per cent CaCO,. Daly reports that at 1,030° C and 2,000 bars pressure, the 
calcite in the samples ‘was really fused. This was true of all samples, with or 
without water.’ Smyth also heated pure calcite with | and 25 weight per cent 
water at 950° C and 2,000 bars pressure; although recrystallization of calcite 
was noted, no melting was recognized. Our results with calcite and water suggest 
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that the charge would have consisted of CC+L+V at 950° C and 2,000 bars 
because pressure has little effect on the results shown in Fig. 6. We believe that 
the reported recrystallization represented the growth of calcite from a liquid. 
Smyth was unable to quench his pressure vessel quickly, and calcite dendrites 
would therefore have had a chance to grow large (even with a rapid quench, it is 
doubtful whether we could have been sure, from microscopic evidence alone, 
that charges rich in calcite had melted). 

Paterson (1958) described the partial melting of calcite in the presence of water 
and carbon dioxide ‘around 900° C to 1,000° C’ at a total pressure of 50 bars. 
His results will be discussed in the next section where the ternary system is con- 
sidered. He also reported that Heard had found no melting up to 800° C at 5,000 
bars pressure, in the presence of water alone. 

This join has already been described briefly (Tuttle & Wyllie, 1958; Wyllie & 
Tuttle, 1959a). The phase fields intersected at 1,000 bars pressure are illustrated 
in Fig. 6 and the runs used to fix the boundaries of the fields are listed in Table 
lp. This is not a binary system because the liquid is poorer and the vapour is 
richer in carbon dioxide than the bulk compositions of the melted charges. The 
join is simply a cross-section through the ternary isobaric prism (Fig. 1). It is 
difficult, therefore, to discuss Fig. 6 without reference to the ternary system. It 
can be seen that at 1,000 bars pressure, calcite begins to melt at 740° C: a small 
amount of calcite dissociates, thus releasing CO, to the vapour phase, and liquid 
develops from the CaO, CaCO,, and vapour. Only a trace of liquid is developed 
at this temperature, and for charges containing less than 30 weight per cent H,O 
the presence of liquid was not established. Within the three-phase region 
CC+L-4-Y the proportion of liquid developed at any temperature increases with 
increasing water content; for a charge of fixed composition, the proportion of 
liquid increases with increasing temperature. When the last remnant of the cleav- 
age fragment disappears, the charge consists of ternary L+-V. In a previous note 
(Wyllie & Tuttle, 1959a) two additional fields were tentatively included at 
temperatures above 980° C. These were fields of L and CC+L. Further work in 
the system CaO-CO, and CaO-CO,-H,O now indicates that these fields are 
not intersected by the join CaCO,—H,O. 

There are no isobaric invariant lines in this join. 


CaO-CO,-H,O 

In their note on the join CaCO,-H,O, the authors (1959a) included a general 
discussion of phase relations in the ternary system CaO-CO,-H,0O using avail- 
able data. The discussion is correct in principle, but it now requires modification 
since the discovery that at 1,000 bars pressure portlandite does not dissociate, 
but melts, and calcite does not melt congruently, but incongruently. 

It is convenient to begin discussion of the ternary system by following the 
binary isobaric invariant equilibria into the ternary isobaric prism. In the binary 
system CaO-CO,, the isobaric invariant three-phase equilibria C-+-CC+-L and 
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CC+L-+-V are represented by straight lines (Fig. 3). As these equilibria move 
into the ternary 7X prism upon addition of water to the liquid, the lines become 
three-phase triangles whose sides generate two-phase surfaces enclosing the iso- 
baric univariant three-phase spaces C+-CC+L and CC+L-+-V (Fig. 7). The 
three-phase space CC+L+-V is separated from the spaces CC+-L, CC+V, and 
L+-V by two-phase surfaces. The one- and two-phase fields in the binary systems 
(Figs. 3, 4) also extend into the TX prism, and each becomes a space separated by 
the curved surfaces generated by field boundaries of the binary systems as they 
move into the solid model. 

Similarly, as the isobaric invariant equilibria C+CH+L and CH+L+V of 
the binary system CaO-H,O (Fig. 4) move into the 7X prism upon addition of 
CO, to the liquid, they become three-phase triangles generating three-phase 
spaces (Fig. 7). : 

The changing liquid compositions at one corner of each three-phase triangle 
generate liquidus field boundaries, and the vapour corners of these three-phase 
triangles generate vaporus field boundaries. Orthogonal projection of the field 
boundaries from within the TX prism onto the base CaO—CO,-H,O gives the 
familiar isobaric polythermal equilibrium diagram (Fig. 9) where the liquidus 
- field boundaries separate liquidus surfaces with different primary phases (CaO, 
Ca(OH),, or CaCO;). The vaporus field boundaries give the composition of 
vapours which co-exist with a liquid and one crystalline phase. Before discussing 
this diagram further, it is advisable to review the phase relations in the 7X prism 
and to examine the results used to locate the boundaries of the various fields. 

Phase relations in the TX prism are best visualized by passing isothermal 
planes through the model. The isothermal intersection of a three-phase space is 
a triangle with the compositions of each phase given by the apices and with sides 
representing the intersections of two-phase surfaces. The intersections of curved 
surfaces separating the one- and two-phase spaces are curved lines. 

The relationships can be seen from experimentally determined isobaric iso- 
thermal planes illustrated in Fig. 8. Runs used to locate boundaries between the 
phase fields are listed in Table le, but for the sake of clarity they are not plotted 
in Fig. 8. However, they are shown for the 770° C isotherm in Fig. 7. This figure 
is included, and described below, for the reader who is unfamiliar with the ex- 
perimental method employed. Sealed capsules containing charges with bulk 
compositions represented by the points in Fig. 7 were held 15 min at 770° C and 
1,000 bars pressure, and quenched. The phases present were identified by methods 
outlined earlier, plotted on the diagram, and lines were drawn separating the 
various phase assemblages encountered. In this way, the three-phase triangles, 
and the two- and one-phase fields were delineated. In the two-phase fields, com- 
positions and proportions of the phases present are given by a tie-line passing 
through the bulk composition of the charge. Any charge with bulk composition 
lying within one of the three-phase triangles consists of three phases of fixed 
compositions in proportions given by the position of the charge within the tri- 
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angle. Thus, all charges in the triangle CC+-L+V consist of CaCO,; of liquid 
whose composition is given by the intersection of lines separating the CC+L+V 
field from CC+L, and from L+V; and of vapour whose composition is given 
by the intersection of lines separating the field of CC+L+V from L+V, and 
from CC-+V. The latter line has not been determined experimentally at this 


Cad 






C+CH tL 


Ca(OH). 


C+Cc +L 











CO; 


Fic. 7. Isobaric isothermal plane for the system CaO-CO,-H,O at 1,000 bars and 770° C. C = CaO, 

CC = CaCO,, CH = Ca(OH),, L = liquid, V = vapour. The circles show the compositions of 

charges studied, and the ternary phase spaces intersected by the plane were delineated from the 

results obtained. Four three-phase spaces are intersected in four three-phase triangles. The vapour 
field has been enlarged in order to show the phase relations. 


temperature. In addition to the points shown in Fig. 7, the point where the line 
separating L+V from CC+-L+-V crosses the join CaCO,;-H,0O is known (Fig. 6). 
The composition of the vapour lies on this line, and preliminary measurements 
indicate that the solubility of calcite in the vapour phase is less than | weight per 
cent, and probably less than 0-5 weight per cent at this temperature.' The vapour 
field is thus very close to the CO,-H,O side line. The intersection of the boundary 
of the V field with the line separating the field of CC+L+-V from L+-V gives the 
proportions of CO, and H,O in the vapour phase without chemical analysis (see 


! The solubility of calcite in water is being studied by P. J. Wyllie and C. J. Spengler and will be 
published in due time. 
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also Fig. 8a). The line separating the field CC+-L+V from CC-+-V joins CaCO, 
to this vapour composition. 

From successive positions of the line separating the CH+L-+-V field from 
L+V (Fig. 8) it is clear that the vapour corner of the triangle is almost pure 
H,O. Theoretically, there should be a field of CH+-V between the three-phase 
field and the join Ca(OH),—H,O but this is so narrow that its presence could not 
be determined experimentally, and it is not shown in Figs. 7 and 8; it is illustrated 
schematically in Fig. 11. The field is narrow because Ca(OH), is unstable in the 
presence of CQO,. 

It will be noted that there are few points near the boundaries between fields 
with and without vapour. The difficulties involved in determining exactly where 
the last trace of vapour disappears have already been pointed out, and these 
boundaries are drawn close to the CaCO,—Ca(OH), join for reasons which will 
become apparent as the results are described. At temperatures above the incon- 
gruent melting temperature of calcite, the phase fields present in the bounding 
binary systems are: C+L, L, L+V, and V (Figs. 3, 4). In the ternary system, 
these fields will be connected continuously through the 7X prism by one- and 
two-phase spaces, and all isothermal planes for temperatures greater than 

- 1,310° C (and less than the melting temperature of CaO, 2,580° C) will intersect 
only these four spaces (Fig. 11). 

The three-phase spaces C+-CC+L and CC+L-+-V are intersected in three- 
phase triangles by isothermal planes at temperatures less than 1,230° C and 
1,310° C, the binary isobaric invariant temperatures for the respective assembI!- 
ages. Fig. 8a shows an isotherm determined at 920° C. The fields of C+L, 
L, L+V, and V extend across the plane from the three-phase triangles to the 
binary side line CaO-H,O, and additional two-phase fields of CC+L and 
CC-+-V are present. With decreasing temperature from 1,230° C to 835° C, the 
same phase fields are intersected by all isothermal planes, and the liquids and 
vapours represented by apices of the triangles become progressively richer in 
H,O as they follow the field boundaries shown in Fig. 9a. In the temperature 
interval from 1,310° C to 920° C the ternary vapour changes composition from 
pure CO, to one very rich in H,O. 

The three-phase spaces C+CH+L and CH+L-+-V are intersected by iso- 
thermal planes for temperatures less than 835°C and 815° C, respectively. 
Between 815° C and 685° C, the isothermal planes intersect four three-phase 
spaces. Fig. 8B shows the disposition of the four three-phase triangles at 770° C. 
Here, the fields of C+L, L, and L+V are much smaller and they extend between 
the two pairs of triangles. Additional fields of CH+L and CH+-V are present, 
although the latter is not shown in the figure. 

With decreasing temperature from 815° C to 685° C, the one-phase field L 
becomes smaller as the liquid corners of the three-phase triangles approach each 
other, and at 685° C the last trace of liquid on the join CaCO,—Ca(OH), dis- 
appears (Fig. 5) as illustrated in the isothermal plane for this temperature (Fig. 
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Fic. 8. Isobaric isothermal planes for the system CaO-CO,-H,O at 1,000 bars. C = CaO, 

CC = CaCO,, CH = Ca(OH),, L = liquid, V = vapour. The planes at successively lower tempera- 

tures illustrate the movement of three-phase triangles through the TX prism. The tie-lines shown in the 

two-phase region L+ V were not determined experimentally. The vapour field has been enlarged in 
order to show the phase relations. 


8c). The vapour composition for mixtures in the three-phase space CC+L+V 
crosses the join CaCO,-H,O at 740° C, and at 685° C it is very close to the 
vapour corner of the three-phase triangle CH+ L+V. The temperature of begin- 
ning of melting on the join CaCO,-H,O is 74u° C (Fig. 6), where the join is 
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crossed by the CC-+-V side of the three-phase triangle. At 770° C the join is very 
close to this side of the three-phase triangle (Fig. 8B) and it is apparent that only 
a small proportion of liquid is developed at this temperature in charges contain- 
ing a few per cent water. At 750° C the join is almost coincident with this side of 
the triangle, which probably accounts for the fact that liquid was distinguished 
at this temperature only in charges containing more than 30 per cent water 
(Fig. 6). 

Paterson (1958) described the partial melting of calcite in the presence of water 
and carbon dioxide in unknown proportions at a total pressure of 50 bars. 
Melting would begin when the CC-+-V side of the three-phase triangle CC+-L+V 
crossed the tie-line connecting CaCO, to the vapour composition of Paterson’s 
runs. Melting occurred ‘around 900° C to 1,000° C’. It is evident from the iso- 
thermal planes of Fig. 8 that if the vapour phase were to contain appreciable 
CO,, the temperature of melting would be much higher than that in the presence 
of H,O alone, and much higher than the minimum liquidus temperature in the 
ternary system. 

At 685° C the one-phase field L is divided into two portions, one on the CaO 
side of the join CaCO,—Ca(OH),, and the other on the H,O side of the join (Fig. 
- 8c). The latter liquid field co-exists with vapour, and the former liquid lies com- 
pletely within the vapour deficient region of the system. The two liquid fields are 
really continuous, of course, being parts of the one-phase field L, and they are 
separated only in section by the isothermal plane. 

Two three-phase triangles, CC+-CH-+L, intervene between the liquid fields 
as they separate, and they also divide the fields CH+L and CC+L intotwo 
parts. These triangles appear simultaneously at 685° C, beginning as identical 
straight lines (the join CaCO,—Ca(OH),). As the liquid corners of the triangles 
move away from the join in opposite directions, they generate field boundaries 
separating the liquidus surfaces from which CaCO, and Ca(OH), are the re- 
spective primary crystalline phases (Fig. 9B). These changes are not illustrated in 
detail, but the interested reader will experience no difficulty sketching them for 
himself. 

At about 683° C (too close to 685° C to be measured experimentally) the 
liquid corners of the three-phase triangles CC+CH+L, C+CH+L, and 
C+CC+L meet at the eutectic E, (Fig. 9), and here the last trace of liquid in 
the composition triangle CaO-CaCO,—Ca(OH), disappears. The four phases 
C+CC+CH-+L co-exist at 683° C, which is therefore a ternary isobaric in- 
variant temperature. Below this temperature, the three three-phase triangles are 
replaced by a single three-phase triangle, C+-CC+CH (Fig. 8p). 

The liquid corners of the other three-phase triangles, + CH+L,CH+L+V, 
CC+L-+-V meet at another eutectic! E, at 675° C (Fig. 9) and here the last trace 


1 E£, is an isobaric eutectic of Type II because the liquid is in equilibrium with crystalline phases and 
a vapour. E, is an isobaric eutectic of Type I because the liquid is in equilibrium only with crystalline 
phases. See p. 15, n. 
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of liquid in the TX prism disappears (Fig. 8D). This is a second ternary isobaric 
invariant temperature, where four phases, CC+CH+L-+-V, co-exist. Below 
675°C the three three-phase triangles are replaced by the single triangle 
CC+CH-+-V. The subsolidus relations are illustrated by the 665° C isothermal 
plane in Fig. 8. 

Isobaric isothermal planes provide a three-dimensional picture of the spaces 
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Fic. 9. a, isobaric equilibrium diagram for the system CaO-CO,-H,O at 1,000 bars. L(CaO), 
L({CaCO,), and L(Ca(OH),) are liquidus surfaces with CaO, CaCO ;, and Ca(OH)., respectively, as 
primary crystalline phases. A fourth liquidus surface, the locus of liquids which can co-exist with 
vapour, rises almost vertically above AE, D. AE,, BE,, CE,, DE,, and E, E, are liquidus field boundaries, 
and HF and GF are vaporus field boundaries. Temperatures: A, H, 1,310°C; B, 1,230°C; C, 
835° C; D, G, 815° C; Es, 683° C; and E,, F, 675° C. Liquids along AE, can co-exist with calcite, 
and vapours along HF; liquids along DE, can co-exist with portlandite and vapours along GF. The 
areas AE, HF and DE, GF are thus projections of the two-phase surfaces generated by L+ V sides of 
three-phase triangles, and these surfaces meet in the line E, F, which is an isothermal field boundary. 
Compare Figs. 8 and 11. B, enlarged and distorted view of the liquidus field boundaries to illustrate 
paths of equilibrium crystallization (see text). 


and surfaces within the 7X prism, but the disposition of the field boundaries is 
more easily visualized with the aid of projections. They have been projected onto 
the base of the prism in the isobaric polythermal diagram (Fig. 9) and onto the 
sides of the prism in the perspective 7X diagrams (Fig. 10). 

The ternary field boundaries given by the successive positions of liquid and 
vapour corners of the three-phase triangles for different temperatures are illus- 
trated in Fig. 9A, and the arrangement of the liquidus field boundaries is shown 
more clearly in the distorted Fig. 9B. The field boundaries BE, and CE, represent 
liquids in equilibrium with two crystalline phases. The boundaries AF, and 
DE, differ from these and the usual condensed field boundaries in ternary systems 
in that only one crystalline phase is involved. The liquids are in equilibrium with 
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crystals and vapour.' The positions of the vaporus field boundaries, HF and 
GF, are not yet accurately known, although preliminary measurements indicate 
that at 675° C, the minimum liquidus temperature in the 7X prism, the solubility 
of calcite in water is about 0-3 weight per cent. This increases at higher tempera- 
tures as the proportion of CO, increases in the vapour phase, but present indica- 
tions are that the vaporus field boundaries remain close to the CO,—H,O side 
line. 

The field boundaries divide the liquidus into four surfaces enclosing the one- 
phase space 1. Three of the surfaces are the primary phase fields of CaO, 
CaCO,, and Ca(OH), respectively, and the fourth is the locus of liquids which 
co-exist in equilibrium with vapour. 

The liquidus field with CaCO, as the primary phase, L (CaCO,), is probably 
formed of two surfaces: above 945° C calcite II may be stable and below 945° C 
calcite I is stable. This transition was discussed and illustrated earlier, and it is 
not shown in Fig. 9. 

The liquidus surfaces with CaCO, and Ca(OH), as primary phases form a 
narrow strip along the join CaCO,—Ca(OH), (Fig. 9a), a profile of which is 
shown in Fig. 5. The one-phase space L rises almost vertically from this strip, 
- and it is bounded by the other two liquidus surfaces. The space L within the 7X 
prism thus forms a narrow near-vertical layer, the volume /J/KLCDE, E, AB in 
Fig. 11, remaining close to the join CaCO,—Ca(OH), until very high tempera- 
tures are reached. The bounding cross-sections through the liquid space illus- 
trated in Figs. 3 and 4 give a good picture of its sheet-like form. Figs. 5 and 8 
show the manner in which it narrows downwards towards the eutectics E, and 
E,. The approximate compositions of these eutectics are 65CaO, 19CO,, 16H,O, 
and 68CaO, 19CO,, 13H,U, respectively (weight per cent). Their variation with 
pressure is known qualitatively, but not quantitatively. 

The liquid at the eutectic on the join CaCO,—Ca(OH), is binary (Fig. 5) and 
the position of the ternary eutectic E, (Fig. 9) shows that only a small percentage 
of water is soluble in this liquid at 1,000 bars pressure. The dissolved water (less 
than 4 weight per cent) produces a 10° C depression of the liquidus. The varia- 
tion of this effect with pressure will be discussed later. 

Description of the liquidus surfaces will be completed by following equilibrium 
crystallization paths for three mixtures in Fig. 9B. Any charge within the area 
AE, D.CaO can exist as a liquid. However, low-temperature liquids are limited 
in composition to parts of the area ABE, CDE, and a very narrow zone near 
BE, C in the field BE, C.CaO. Crystallization of any of these liquids causes their 
compositions to change and the last trace of liquid to crystallize has the com- 
position E, or E,, depending upon whether the bulk composition of the original 
charge contains an excess or deficiency of water as compared with the join 
CaCO,-Ca(OH),. 

1. A charge with bulk composition / can exist as a liquid only at very high 

1 These field boundaries are of Type II, whereas BE, and CE, are of Type I. See p. 15, n. 
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temperatures, possibly in excess of 2,000° C. On cooling, liquid / precipitates 
crystals of CaO and changes in composition directly away from CaO along the 
path JJ. At J crystals of CaCO, begin to precipitate along with CaO causing the 
liquid path to change direction abruptly and move down the field boundary to 
the eutectic E,. At E, the three phases CaO, CaCO , and Ca(OH), crystallize to- 
gether at constant temperature until the liquid E, disappears. Proportions of the 
three phases in the crystalline aggregate are given in the usual way by the posi- 
tion of J within the triangle CaO-CaCO,—Ca(OH),. 

2. Liquid K precipitates crystals of CaCO, on cooling and changes composi- 
tion directly away from CaCO, towards M. At M crystals of CaO begin to pre- 
cipitate along with CaCO, causing the liquidus path to change direction and 
move down the field boundary to the eutectic E,. Here, the liquid crystallizes 
completely at constant temperature yielding an aggregate of CaCO,, CaO, and 
Ca(OH), in the proportions indicated by the total composition K. 

3. Liquid N precipitates crystals of CaCO, on cooling, and changes composi- 
tion directly away from CaCO, towards P. At P crystals of Ca(OH), begin to 
precipitate along with CaCO, causing the liquid to change direction abruptly and 
move down the field boundary to the eutectic E,. CaCO, and Ca(OH), continue 
to crystallize at constant temperature and as the liquid E, is used up, vapour F is 
produced by ‘boiling’. This ‘boiling’ occurs because during crystallization 
along the path NPE, the proportion of water in the residual liquid increases until 
saturation is reached at £,. Continued crystallization of the liquid at constant 
temperature drives off the excess water. 

Liquids within the field CDE,E, behave similarly to K and N except that 
Ca(OH), is the first mineral to crystallize. 

Perspective 7X projections are useful for depicting relationships of the isobaric 
univariant field boundaries in the TX prism. In Fig. 10 the field boundaries have 
been projected horizontally from each temperature axis onto the opposite face 
of the prism. In Fig. 10s, for example, the field boundaries were projected from 
the axis CaO-T onto the face CO,-H,O-T (Fig. 1). The projection shows the 
proportions of H,O and CO, in liquids or vapours on the field boundaries at 
different temperatures, without representing the concentration of CaO. The side 
lines H,O-T and CO,-T are therefore projections of the binary systems CaO- 
H,O and CaO-CO,. The proportion of CaO present at any point on the field 
boundaries may be estimated from the other two projections (Figs. 10a, 10c). 
Dotted lines in Figs. 10a and 10c separate the binary phase fields in the systems 
CaO-H,O and CaO-CO,, respectively (compare with Figs. 3, 4). 

Projected points were found for each of the experimentally determined iso- 
thermal planes (Fig. 8), and smooth curves were drawn through these points 
from the binary isobaric invariant liquid compositions A, B, C, and D(the letters 
A-H refer to the labelled points in Fig. 9). Liquidus field boundaries BE, and 
CE, connect B and C in the projected binary systems to the ternary eutectic E, 
on the isobaric invariant plane C+CC+CH-+ L, and the field boundaries AE, 
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and DE, connect A and D in the projected binary systems to the isobaric ternary 
eutectic E,. Compositions of vapours in equilibrium with liquid and crystals are 
given by the vaporus field boundaries GF and HF connecting G and H in the 
projected binary systems to the point F on the isobaric invariant plane contain- 
ing E,, CC+CH+L-+-V. The two isobaric ternary eutectics are connected by the 
field boundary E,E,, which has a temperature maximum on the join CaCO,- 
Ca(OH),. The two vaporus field boundaries GF and HF are replaced by one, 
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Fic. 10. Perspective TX projections for the system CaO-CO,-H,O at 1,000 bars. Field boundaries 
have been projected from within the 7X prism (Fig. 11) onto the three faces of the prism. For example, 
Fig. 108 shows the proportions of H,O and CO, in liquids or vapours on the fieid boundaries at differ- 
ent temperatures, without representing the concentration of CaO. The proportion of CaO present 
may be estimated from Figs. 10a and i0c. Dotted lines in Figs. 10a and 10c separate the binary 
phase fields in the systems CaO-H,O and CaO-CO,, respectively. C = CaO, CC = CaCO,, 
CH = Ca(OH),, L = liquid, V = vapour. The letters A-H correspond to the letters shown in Fig. 9. 
The line FZ is a subsolidus vaporus field boundary, giving (schematically) the composition of 
vapours which can co-exist with CC+ CH (see Fig. 88). 


FZ, below the isobaric invariant plane. Fig. 10B shows more clearly than Fig. 8 
that vapours in equilibrium with calcite and liquid (HF) increase rapidly in H,O 
content with decreasing temperature. 

The information given in Figs. 3-10 is combined in Fig. 11, a schematic diagram 
of the TX prism showingall essential features. In order to keep the diagram simple, 
phase fields are not labelled, but they may be identified from earlier figures. 
Liquidus and vaporus field boundaries are designated by the letters used in 
Figs. 9 and 10. The top plane of the prism represents any isotherm above 1 ,310°C; 
RST is an isothermal plane comparable with the 920° C isotherm in Fig. 84; 
UV W represents the isobaric invariant plane at 683° C; PQF the isobaric invariant 
plane at 675° C (Fig. 8p); and the base of the prism represents a subsolidus 
isothermal plane (e.g. Fig. 8£). The liquia field is the space JJKLCDE, E, AB. 
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Fic. 11. Schematic TX prism for the system CaO-CO,-H,O at 1,000 bars, illustrating the field 

boundaries and the invariant planes. The letters A—-H correspond to the letters shown in Figs. 9 and 10. 

RST, and the top and bottom planes of the model represent isothermal sections (compare Fig. 8). 

UVWE, and FPQE, represent the two isobaric invariant planes. Liquid occupies the space 
: IJKLCDE, E, AB. This figure integrates the data shown in Figs. 3-10. 
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This completes description of the isobaric TX prism at 1,000 bars pressure. 
The disposition of surfaces enclosing the one-, two-, and three-phase spaces, 
and of the field boundaries occurring where two of these surfaces intersect 
should be readily apparent with the aid of Figs. 3-11. We turn now to the 
changes produced by variation of pressure. 
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Effect of pressure 


Six univariant equilibria (isobarically invariant) and two equilibria of restricted 
univariance were encountered in the ternary system and in the two bounding 
binary systems: (1) C+CC+L, (2) CC+-L+V, (3) C+CH+L, (4) CH+-L+-V, 
(5) C+-CC+CH-+L, (6) CC+-CH+L+V, (7) CH = L, and (8) CC+CH = L. 
The temperature at which these assemblages co-exist varies with pressure, and 


























3000, 
CH+L+V C+L+CH 
CHeL 
2000} 
” 
& 
a 
oO 
lJ 
x 
a 
D 
® 1000 
ie a 
a 
N. 
Q C+CHev oF cusy 





SOO 600 700 800 900 
TEMPERATURE T 
Fic. 12. PT projection of univariant equilibria in the system CaO—-H,O. C = CaO, CH = Ca(OH)., 
L = liquid, V = vapour. The four univariant curves meet at the invariant point Q’. The enlarged and 
distorted inset illustrates schematically the relations near the invariant point. A curve CH = L, with 
restricted univariance, extends from the singular point M. This curve is almost coincident with 
C+CH+L. 


for five of them PT curves have been determined. The most complete data are 
for the binary system CaO-H,0O, and this will be described first. 

Fig. 12 shows a PT projection of the univariant curves, and the runs used to 
determine them are listed in Table 2a. In addition to the equilibria C+CH+ L, 
CH+L+V,and CH = L described previously, portions of two other univariant 
curves were measured. These are C-+CH-+-V (the dissociation curve of portland- 
ite) and C+L+-V. The four curves representing projections of the univariant 
three-phase assemblages meet at the invariant point Q’, where the four phases 
C+CH-+L+V co-exist at 100 bars pressure and 810° C. Within experimental 
error the assemblage C-+CH-+-L remains stable at 835° C for pressures ranging 
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Results of quenching experiments at various pressures and temperatures in the 
system CaO-CO,-H,O 


C = CaO, CC = CaCO;, CH = Ca(OH), L 


TABLE 2 


TABLE 2a. CaQ-H,O 
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liquid, V = vapour, tf = trace 
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Composition 
CaO Ca(OH), H,O Pressure Temp. Time Result 
(weight per cent) (bars) CC) (min) 

20 80 _ 3,000 840 15 C+L 
oo 100 -— 3,000 840 15 L 
20 80 -- 3,000 830 15 C+CH+L 
— 65 35 3,000 800 15 LiV 
— $5 45 3,000 790 15 CH+L+V 
as 55 45 3,000 780 15 CH+ L(t)+V 
20 80 ~~ 2,000 840 15 C+L 
20 80 _- 2,000 830 15 C+CH+L 
20 80 — 2,000 820 15 C+CH 
sine 53 47 2,000 810 15 L+V 
ae 57 43 2,000 800 15 CH+L+V 
20 80 ~— 1,000 840 10 C+L 
20 80 ~ 1,000 830 15 C+CH+ Lit) 
—- 54 46 1,000 820 15 Liv 
— 50 50 1,000 810 15 CH+V 
20 80 an 345 830 15 C+L 
20 80 — 345 820 15 C+CH 
— 46 54 345 820 15 LiV 
— 45 55 345 810 15 CH+V 
— 100 — 140 850 15 Li 
— 65 35 140 820 15 L+V 

55 45 140 810 15 CH+L+V 
20 80 sim 140 820 15 C+L 
20 80 — 140 810 15 C+CH+L 
“a 100 — 83 850 15 C+CH(t)+L+vV 
- 70 30 83 790 15 CH+V 
100 — 83 790 15 CH 
20 80 a 83 790 15 C+CH 
— 100 -- 27 850 15 C+CH(t)+V 
— 65 35 27 790 15 C+CH(t)+V 
- 100 27 790 15 C+CH(t)+V 
20 80 — 27 790 15 C+CH(t)+V 
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TABLE 2B. CaO-CO,-H,O 











Composition 
CaCO, | Ca(OH), | H,O Pressure Temp. Time Result 
(weight per cent) (bars) (°C) (min) 
31 49 4,000 640 15 CC+CH+L+V 

15 34 51 4,000 630 15 CC+CH+V 
30 70 —_ 3,000 690 15 CH+L 
40 60 — 3,000 650 20 CC+CH 
25 25 50 3,000 650 20 CC+L+V 
26 26 48 3,000 640 20 CC+CH+V 
40 60 as 2,200 685 30 CH+L 
a0 60 — 2,200 665 20 CC+CH 
24 35 4) 2,200 665 20 CH+L+V 
23 35 42 2,200 650 20 CC+CH+L+V 
50 50 — 1,000 685 25 CC+CH+L 
50 50 — 1,000 675 120 CC+CH 
27 27 46 1,000 685 25 CC+L+V 
25 25 50 1,000 675 120 CC+CH+L+V 
30 70 a 500 685 20 CC+CH+L 
40 60 — 500 675 120 CC+CH 
23 55 22 500 685 20 CH+L+V 
26 26 48 500 675 120 CC+CH+V 
a 60 —- 255 685 60 CH+L 
30 70 — 255 675 20 CC+CH 
19 29 52 255 685 60 CH+L+V 
23 54 23 255 675 20 CC+CH+V 
30 70 —- 120 665 15 CH+L 
30 70 — 120 650 15 CC+CH 
70 30 — 27 653 60 CC+L 
30 70 — 27 638 60 CC+CH 
od 27 9 27 653 60 CC+L+V 
27 63 10 27 638 60 CC+CH+V 























from 1,000 to 3,000 bars, but below 1,000 bars its temperature decreases steadily 
to 810° C at the invariant point Q’. The assemblage CH+L-+-V decreases in 
temperature from 815°C at 1,000 bars to 785° C at 3,000 bars. It remains at 
815° C for pressures less than 1,000 bars and crosses the curve C+-CH+L (in 
projection only) at N (200 bars), finally decreasing to 810° C at Q’. The two 
curves could not be distinguished from each other in the range N to Q’, but the 
distorted inset of Fig. 12 shows schematically the relations at low pressures. 
The curve of restricted univariance, CH = L, extends from CH+L-+V at the 
point M, between N and Q’, but experimentally it could not be distinguished from 
C+CH-+L at any pressure up to 3,000 bars. 

Using these curves it is possible to sketch isobaric sections through the binary 
PTX model. Examples are shown in Fig. 13. Below the invariant pressure Q’, 
the curves C+CH+V and C+ L-+YV are intersected, and a field of C+-V is stable 
between the dissociation of portlandite and the appearance of liquid at a higher 
temperature in the section (Fig. 13a). At the pressure Q’, the four phases 
C+CH+L-+-V are stable at one temperature as shown in Fig. 13s. At all higher 
pressures, the curves C+CH+L and CH+L-+-V are intersected, and for pres- 
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sures between Q’ and M, portlandite melts incongruently to L+V (Fig. 13c). 
When the pressure equals M, porilandite melts congruently (Fig. 13D) at a singu- 
lar point (Ricci, 1951, pp. 26, 129). At this and higher pressures, the curve 
CH = Lgives the congruent melting temperature of portlandite (Fig. 13 D, E, F). 
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Fic. 13. A series of schematic isobaric sections through the PTX model of the system CaO-H,O. 

C = CaO, CH = Ca(OH),, L = liquid, V = vapour. The sections show the behaviour of Ca(OH), 

with increasing pressure; at low pressures it dissociates (A), at higher pressures it melts incongruently 
(C), and at still higher pressures it melts congruently (D—F). 


For pressures between M and N, the temperature of CH+L-+-V is higher than 
that of C+CH+L (Fig. 138), but at VN, where the two PT curves cross, they are 
at the same temperature. For pressures greater than N, the temperature of 
CH+L-+V becomes increasingly lower than that of C+CH-+ L (Figs. 12, 13F). 
This implies that as the pressure is increased, more water vapour dissolves in the 
liquid causing greater depression of the melting temperature. 

The only available data for the univariant PT curves in the system 
CaO-CO, when melting is involved are the temperatures of the equilibria 





36 


BARS 


PRESSURE 


Fic. 14. Schematic PT projection of univariant equilibria in the system CaO-CO,. C 
CC = CaCO,, L = liquid, V 
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= vapour. Four univariant curves meet at the invariant point Q”. The 


isobaric sections illustrated in Fig. 13 apply also to this system. CaCO, begins to melt congruently at 


a much higher pressure than Ca(OH),. 


C+CC+L and CC+L-+-V at 1,000 bars pressure (Table 1A). The dissociation 
curve for calcite, C+CC+V, was determined by Harker & Tuttle (1955) up to 
1,120° C (Fig. 14). Probably the temperature of the curve C+CC+-L does not 
change greatly with pressure since no vapour is involved (compare C+ CH-+-L in 
Fig. 12) and the position of the invariant point Q” may be given accurately by the 
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intersection of the extended dissociation curve and the slightly curved line repre- 
senting schematically the equilibrium C+CC+L. The curves C+L+V and 
CC+L-+V also meet at Q’’, and the results for 1,000 bars show that the latter 
curve is at a higher temperature than C+-CC-+-L over a much greater pressure 
range than the corresponding curve in the system CaO-H,O (Fig. 12). Ata higher 
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Fic. 15. PT projection of experimentally determined univariant equilibria in the system 
CaO-CO,-H,O. C = CaO, CC = CaCO;, CH = Ca(OH).2, L = liquid, V = vapour. Five uni- 
variant curves meet at an invariant point Q, at a pressure less than 27 bars (Fig. 16). 


pressure, this curve should decrease in temperature and cross the curve C+-CC+L 
(in projection only) at N, as illustrated schematically in Fig. 14. A curve CC = L 
would extend from CC+L+V at a point M between N and Q”, and calcite 
would then melt congruently. Since the lettering is the same in Figs. 12 and 14, 
the schematic isobaric sections of Fig. 13 apply to the system CaO-CO, as well as 
to the system CaO-H,0O, if H,O and Ca(OH), are replaced by CO, and CaCQ,. 

Of the two univariant four-phase equilibria and the one equilibrium of re- 
stricted univariance encountered in the ternary system at 1,000 bars, only 
CC+CH+L+V and CC+CH = L were located at other pressures. PT curves 
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are shown in Fig. 15, and the runs are listed in Table 2B. From 250 to 4,000 bars 
the temperature of CC+CH+L+-V falls gradually from 680° C to 640° C, and 
with decreasing pressure from 250 to 27 bars, the equilibrium temperature again 
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Fic. 16. Schematic PT projection of univariant curves meeting at an invariant point, Q, in the system 

CaO-CO,-HO (compare Fig. 15). Compatibility triangles illustrate the reactions occurring along 

each curve. C = CaO, CC = CaCO,, CH = Ca(OH),, L = liquid, V = vapour. The point Q is at 
a pressure less than 27 bars, and a temperature less than 640° C. 


falls, very rapidly, from 680° C to 645° C. This arrangement at low pressures is 
unusual, and at present we have no satisfactory explanation for it. It is difficult 
to draw a smooth curve through the experimental points (Table 2B). An abrupt 
change of this type might be expected if there were a modification of the equili- 
brium assemblage, but the only change detected is in the composition of the liquid 
E,, which moves from the triangle CaCO,-Ca(OH),-H,O into the triangle 
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Fic. 17. PT projection of univariant curves in the system CaO-CO,-H,O. C = CaO, CC = CaCO,, 
vapour. Q’, Q”, and Q are invariant points for the systems 
CaO-H,O, CaO-CO,, and CaO-CO,-H,O, respectively (compare Figs. 12, 14, 15, 16). Parts of this 
diagram, especially the high pressure regions, are schematic. 
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CaO-CaCO,—Ca(OH), at about 500 bars pressure. In the pressure interval 
1,000-4,000 bars, the curve CC+-CH+ L-+-V is slightly concave towards higher 
temperatures. We would expect this curvature to be reversed, as illustrated in 
Fig. 17. The curve CC+-CH = Lis a line of restricted univariance in the ternary 
system representing the PT variation of the maximum on the field boundary 
separating the primary phase fields of CaCO, and Ca(OH,) (Fig. 9, Table 2s). 
This is also a projection of the eutectic on the join CaCO,—Ca(OH), (Fig. 5). 

At pressures greater than 500 bars (M, Fig. 15), the equilibrium CC+CH+ L 
+V is stable at lower temperatures than CC+-CH = L, and conditions are as 
shown in Fig. 9, with the eutectic E, on the H,O side of the join CaCO,—Ca(OH),. 
With increasing pressure the temperature difference between the curves increases 
slightly, indicating that more H,O dissolves in the univariant liquid £,. The 
temperature difference at 3,000 bars is 25° C compared to 10° C at 1,000 bars. 

At the point M (Fig. 15), CC+-CH = L meets CC+-CH+L-+-V, and at lower 
pressures the two curves are identical within the limits of experimental error. 
M probably corresponds to the singular point illustrated in Fig. 13p, and here 
the composition of the liquid E£, lies on the join CaCO,-Ca(OH),. At lower 
pressures E, lies within the triangle CaOQ—-CaCO,—Ca(OH), and mixtures on the 
join near E, melt incongruently to L+V (compare Fig. 13c). 

The second ternary univariant assemblage is C+-CC+CH-+L. At 1,000 bars 
this is stable at 683° C, just below the curve CC+CH = L (experimentally 
the two curves could not be distinguished). The PT curve probably remains close 
to CC+CH = L, as indicated in Fig. 15, crossing CC+CH+L-+-V at a point 
N (in projection only). The two curves meet at an invariant point Q, apparently 
at a pressure less than 27 bars, where the five phases C+CC+CH+L-+-V co- 
exist. Three other univariant curves also meet at this point: C+CH+L-+YV, 
C+CC+L+YV, and C+CC+CH-+V. These were not determined experiment- 
ally, but Fig. 16 shows schematically the arrangement of the five univariant 
curves around the invariant point (Schreinemakers, 1916), and the compatibility 
triangles illustrate the reactions occurring along each of the curves. 

The shape of the curve CC+CH+L-+-V could lead to an interesting sequence 
of reactions. If a liquid in equilibrium with vapour at 3,000 bars and 660° C 
were to lose pressure isothermally, the liquid would crystallize at 1,700 bars, and 
would melt again at the same temperature when the pressure fell to 100 bars. 

The PT curves illustrated in Figs. 12, 14, and 15 are combined in Fig. 17, which 
shows how the binary invariant points Q’ and Q” are connected to the ternary 
invariant point Q. Relations at high pressures are schematic. 


PETROLOGICAL CONSIDERATIONS 
Carbonatites 


Most field workers have been forced to conclude that carbonatites were em- 


placed in a liquid or plastic state. The doubt concerning a magmatic origin arises 
from a proper regard for the absence of experimental evidence indicating that 
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carbonate liquids can exist at the relatively low temperatures demanded by field 
evidence. For instance, Garson & Campbell Smith (1958, p. 111) write: ‘In the 
light of such data as are available the large scale movement of carbonatites as 
melts seems very difficult to accept and one must seek for some other explana- 
tion of their mode of emplacement while still not ruling out the idea of carbonat- 
ite melts as impossible.’ They turn then to the possibility that heavy gaseous 
CO, can carry oxides of Ca, Mg, and Fe in solution with carbonic acid. Pecora 
(1956) also favours the intrusion under high pressures of hot concentrated solu- 
tions, rich in CO,, containing much dissolved material. This dense ‘liquid (or 
liquid-gas) ... would be a carbonatic solution capable of great activity and poten- 
tially a source of escaping CO, as the pressure is released’. Many others have 
decided that the field evidence is best explained by the intrusion of a carbonatite 
magma, and they are content to rest with this conclusion until confirmatory 
experimental evidence is found. 

It is known that carbonate liquids exist at temperatures as low as 750° C in 
systems containing CaCO, and Na,CO, or K,CO,. Summaries of these and 
related results can be found in Niggli (1937, pp. 277-302) and in Eitel (1954, pp. 
881-98). However, the low-temperature liquids contain more than 50 weight per 
cent alkali carbonate, and most analysed carbonatites contain only a very small 
proportion of alkalis. von Eckermann (1948, pp. 157 and 161) suggested that all 
igneous rocks of the Alné Island alkaline complex originated from predomi- 
nantly potassic carbonatite magma, and that the alkalis originally present in the 
magma moved out into the country rocks as the major fenitizing agent. Other 
advocates of magmatic carbonatites do not propose a high alkali content. 
Holmes (1950, 1952) assumed the existence of a deep-seated carbonatite magma 
in order to explain the peculiar composition of potassic ultramafic lavas in 
Uganda, and the composition he calculated for the magma contained only a very 
small percentage of alkalis. He derived potash for the lavas from granitic rocks 
with which the carbonatite magma reacted. 

It is difficult to reach conclusions concerning the composition of carbonatites 
at their source because of the exchange of materials between carbonatite and 
country rocks and because of the differentiation occurring within the carbonat- 
ites. Moreover, the Alné complex is the only one which has received a detailed 
chemical study. Although von Eckermann assigned a major role to K,CO, and 
a minor one to H,O, most advocates of intrusive carbonatites appear to agree 
with Russell, Hiemstra, & Groeneveld (1954), who concluded that the original 
carbonatite at Loolekop, Transvaal, contained CaO, MgO, FeO, Fe,O;, COg, 
H,O, and P,O, as major constituents, with minor amounts of TiO, and F, and an 
impressive array of rare elements in trace amounts. 

It seems justifiable to regard the low-temperature liquids in the system CaO- 
CO,-H,0 as simplified carbonatite magmas in which CaO represents the basic 
oxides and CO, and H,0O the volatile constituents. The simplified magma exists 
with little change in composition through a wide pressure range, from 27 bars 
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to 4,000 bars, and the liquids can co-exist with a vapour (or fluid) phase contain- 
ing a relatively small proportion of dissolved solids. This evidence is strongly in 
favour of a true magmatic origin for carbonatites, and against any hypothesis of 
gas transfer. In this system, admittedly much simpler than a natural carbonatite, 
any bulk composition lying between the liquidus and vaporous field boundaries 
shown in Fig. 9 cannot exist as a single gaseous phase, but only as two or three 
phases, depending upon the composition, pressure, and temperature. For ex- 
ample, if the bulk composition lies within the field of L+-V at a particular pres- 
sure and temperature, it must separate into two phases—a liquid close to the 
join CaCO,—Ca(OH),, and a vapour close to the join CO,-H,O. This does not 
mean that vapours co-existing with the liquids may not be very active chemically, 
but it does make it unlikely that a vapour phase (or gaseous or fluid phase) is 
the major ‘carbonatizing agent’. In view of field evidence that most carbonatites 
are intrusive, we may conclude with confidence that these carbonatites, at least, 
could have been emplaced as liquid magmas. 

Let us now compare this simplified carbonatite magma with natural carbonat- 
ites. Any mixture witha bulk composition lying within the triangle CaOQ—CaCO,— 
Ca(OH), can exist as a liquid, and with cooling and crystallization tie final 
liquid has the composition E, (Fig. 9). Similarly, any mixture with a bulk com- 
position lying within the triangle CaCO,—Ca(OH),-H,0O can exist as a liquid, or 
as a mixture of L+V. With cooling and crystallization the final liquid has the 
composition E, (Fig. 9). At 1,000 bars total pressure a mixture with a compo- 
sition 68CaO, 19CO,, 13H,O in weight per cent (E,) is completely melted at 
683° C, and a mixture with a composition 65CaO, 19CO,, 16H,O in weight per 
cent (E,) is completely melted at 675° C. The range of liquid compositions in- 
creases at higher temperatures, but is restricted to a zone near the join CaCO,— 
Ca(OH), (Fig. 8). The liquids crystallize to mixtures of CaO, CaCO,, and 
Ca(OH),, at E,, and to CaCO,;, Ca(OH),, and vapour at E,. The proportions of 
the three phases remaining after the liquid has disappeared are given in the usual 
way by the positio of the original bulk composition within the triangles. 

Water is an essential ingredient of the liquids, and at least 13 weight per cent H,O 
is required for complete liquefaction at 683° C. However, 6-5 weight per cent H,O 
will produce 50 per cent liquid, and only 3 per cent H,O will produce 25 per cent 
liquid. From the observed crystal settling during runs, it seems quite likely that 
the ‘carbonatite liquid’ could be separated almost completely from the crystals. 

Calcite is the characteristic constituent of most carbonatites, but neither CaO 
nor portlandite has yet been found in them. This is not surprising because they 
are unlikely to persist in the presence of additional components. The addition of 
P.O, should convert much of the CaO and portlandite to apatite; the paragene- 
sis apatite-calcite is common in carbonatites. Addition of SiO, would probably 
lead to the formation of wollastonite, and Al,O, and SiO, together would permit 
the crystallization of melilite. Wollastonite and melilite are found in carbonat- 
ites, melilite being particularly common at Alné. Even if there were not enough 
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of these other components to prevent crystallization of CaO and portlandite, 
their chances of survival in the presence of circulating carbonatic vapour or 
solutions would be very remote, because they both alter readily to calcite. 

The action of late hydrothermal and carbonatic solutions has been described 
in many carbonatite complexes. From our data we see that carbonatite liquids 
can exist either with, or without, a vapour phase. If the former condition obtains 
in natural systems, the vapour phase remaining after crystallization of the magma 
is an adequate source of solutions. If the latter condition obtains, an external 
source must supply the circulating solutions and this source might be the parent 
of the carbonatite magma itself. A liquid existing originally without vapour can 
give off vapour during crystallization, as illustrated by the mixture N in Fig. 9. 
Hydrothermal solutions could then result from condensation at lower tempera- 
tures of the vapour produced by ‘boiling’ during crystallization. 

It should be stressed that although a liquid in the system CaO—-CO,-H,O is 
stable at low temperatures in the presence of water vapour, higher temperatures 
are required for the co-existence of liquid with vapours containing CO,. Addition 
of CO, to a liquid within the triangle CaOQ-CaCO,—-H,O would not change the 
solidus temperature (although it would change the liquidus temperature and alter 
the relative proportions of liquid and crystals) unless sufficient CO, were added 
to move the bulk composition through the join CaCO,-H,O (Fig. 8D). The 
simplified carbonatite of this system could therefore produce hydrothermal 
solutions containing a small proportion of CO,, but not carbonatic solutions. 
With the addition of other components to CaO—CO,-H,O, the compositions of 
the liquids at the minimum liquidus temperatures would change, and it is quite 
possible that the composition of vapours co-existing with the low-temperature 
liquids would also change in the direction of increasing CO, content. This can 
only be tested by further experimental studies. 

In this simplified carbonatite magma, CaO represents the basic oxides CaO, 
MgO, and FeO of the natural magmas. There is evidence in many carbonatite 
complexes for the successive intrusion of calcitic carbonatite (s6vite), dolomitic 
(beforsite), or ankeritic carbonatites, and finally sideritic carbonatites. The 
latter may be accompanied by magnetite and manganese ores (Garson & Camp- 
bell Smith, 1958). This suggests the operation of a process of differentiation with- 
in an original carbonatite magma. The successive crystallization of calcite, 
dolomite, and siderite from a multi-component liquid containing CaO-MgO- 
FeO-CO,-H,0 could certainly lead to differentiation. We know that crystal 
settling occurs readily, and the repeated explosive activity which appears to be 
an essential part of the history of carbonatite complexes provides another 
mechanism for separation of successive liquid fractions. 


Contact and regional metamorphism of limestones 


In the presence of water vapour at a pressure of 1,000 bars, calcite begins to 
melt at 740° C (Fig. 6). Temperatures of this order are probably attained quite 
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frequently at limestone contacts with igneous rocks, and one might expect partial 
melting to occur during contact metamorphism. The process of metamorphism 
leads also to decarbonatization, providing free CO, within the rock. Under these 
conditions, a higher temperature would be required to initiate melting. If the 
materials evolved by the igneous magma are rich in H,O and poor in CO,, the 
CO, could possibly be swept away from the contact aureole by continued efflux 
of volatiles from the magma. If this should occur, then partial melting of a contact 
limestone seems not unlikely. Development of an interstitial liquid phase would 
facilitate the movement of material to and from contacts and promote recrystal- 
lization. 

Melting of shales and impure sandstones during contact metamorphism is 
demonstrated by the preservation of glass in buchites, but a partially melted 
limestone would not yield glass, and melting would be more difficult to recognize. 
Nevertheless, the possibility of melting should be kept in mind by field geologists, 
especially if portlandite and other hydrous minerals are developed in the meta- 
morphosed limestones. 

Although there is undoubtedly interstitial water vapour in deep-seated lime- 
stones, CO, would also be present. This makes it unlikely that partial melting of 
pure limestones could occur during regional metamorphism because the tem- 
perature of beginning of melting in the presence of vapour containing CO, would 
be higher than 740° C, even at very higher pressures. It is known that shales and 
granitic rocks at depth will begin to melt at moderate temperatures in the pre- 
sence of small amounts of volatile materials (Tuttle & Bowen, 1958; Tuttle & 
Wyllie, 1957; Wyllie & Tuttle, 1958). Present results indicate that in sediments 
containing an appreciable percentage of carbonate, the carbonate itself may con- 
tribute to the liquid produced by partial melting, provided that the concentration 
of CO, in the volatile portion of the sediment is not too high. The compositions 
of many geosynclinal rocks may be represented in terms of granite, shale, and 
carbonates and experimental data indicate that such rocks in the presence of 
volatile materials will be partially melted at moderate depths in the earth’s crust. 
The extent of melting will depend upon the depth, the bulk composition, and espe- 
cially upon the proportion of available volatiles. Partial melting therefore plays 


an important role in the metamorphism and deformation of rocks in orogenic 
zones. 


SUMMARY 


1. Phase relations in the system CaO-CO,-H,O were determined using a 
quenching technique. Phase relations in the ternary isobaric (7X) prism have 
been completed between 600° C and 1,320° C for 1,000 bars pressure, and PT 
curves for univariant equilibria have been established in the pressure range 27 
to 4,000 bars. 

2. At 1,000 bars pressure: (a) calcite melts incongruently at 1,310° C, (4) 
portlandite melts congruently at 835° C, (c) a binary eutectic exists between 
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calcite and portlandite at 685° C, (d) calcite begins to melt at 740° C in the 
presence of water vapour, (e) the four phases lime+-calcite+ portlandite + liquid 
co-exist at 683° C, a ternary isobaric invariant temperature, and (f) the four 
phases calcite+ portlandite+liquid+ vapour co-exist at 675° C, the minimum 
liquidus temperature (isobaric invariant). 

3. The ternary liquids exist at least in the pressure range 27 to 4,000 bars with 
temperatures varying from 685° C to 640° C. 

4. Liquids in the system are regarded as simplified carbonatite magmas in 
which CaO represents the basic oxides, and CO, and H,O the volatile con- 
stituents. The existence of such liquids at moderate temperatures through a wide 
pressure range is verification for the magmatic origin of carbonatites. The 
determined phase relations provide no support for an origin by gas transfer. 

5. Partial melting of limestones seems likely at igneous contacts, and impure 
limestones may be partially melted during high grade regional metamorphism. 
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Differentiation of Hawaiian Basalts: Some Variants 
in Lava Suites of Dated Kilauean Eruptions 
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ABSTRACT 


The paper discusses briefly the trend of fractionation exhibited by basaltic lavas of three 
dated Kilauea eruptions, the suite of 1921 in Kilauea Caldera and the suite of the 1840 and 
1955 flank eruptions of Kilauea in the east rift zone. The trend revealed is graphically indi- 
cated in terms of iron/magnesium and alkali enrichment. 


THE problem of the differentiation of Hawaiian magmas has in recent years been 
discussed by several investigators, notably Macdonald (1944, 19495), Tilley 
(1950), Powers (1955), Wager (1956), Kuno (1957), and Muir & Tilley (1957). 
The present paper, while devoted to this theme, is more specifically restricted to 
a discussion in the light of modern analyses of trends of fractionation in three 
groups of dated Kilauean basaltic lavas, namely in variants of the 1840 and 1955 
flank eruptions, and of the Kilauea Caldera eruption of 1921. Some analytical 
data already exist and have been discussed, particularly the case of the 1840 erup- 
tions of Nanawale Bay and of upper vents of similar date along the rift zone. The 
fractionation there revealed has been considered by Macdonald (1944, 19495) 
and more recently by Muir & Tilley (1957). 

Powers (1955), in his analysis of the composition of Kilauean lavas, concluded 
that movement of olivine phenocrysts from a silica saturated magma sufficed to 
explain the main chemical variation of lavas emanating from the Kilauean 
centre, a conclusion which had already been reached for the specific pair of lavas 
of the 1840 flank eruption of Kilauea by Macdonald (19495). Muir & Tilley 
(1957) subsequently derived a modification of this solution for the 1840 group of 
eruptions, noting that besides olivine, subordinate extraction of plagioclase and 
pyroxene was likely to be involved. 

The recognition of progressive iron enrichment with crystal fractionation of 
basic magma prompted the present writer to plot a group of modern analyses, 
including unpublished data, of Kilauea and Mauna Loa lavas in terms of iron 

FeO-+ Fe,O, 
MgO-+ FeO-+ Fe,O, 
At the same time similar data were plotted for a group of modern (including un- 
published) analyses of the Hawaiian alkali series. A similar type plot, alkalis; 
silica, was constructed for the three series. The results are set out in Figs. 1 and 2. 
Here we restrict our discussion to the tholeiite series and reserve for a subsequent 
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enrichment/silica. For this purpose the ratio was utilized. 
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paper the problem of the Hawaiian alkali series when the analytical data will be 
reported. 

Both plots (Figs. 1, 2) reveal that the differentiation course of Kilauean lavas 
can be separated from that of the historic flows of Mauna Loa. The two trends 
in each plot have been defined as the Kilauea line which follows closely the 
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Fic. 1. Plot of analyses of Hawaiian lavas (iron enrichment/silica) showing the grouping of Kilauean 
lavas (open circles), historic flows of Mauna Loa (triangles) and lavas of the Hawaiian alkali series 
(filled circles). Kilauea line: 1840p», 1840p, picrite basalt and basalt of the 1840 eruptions (Macdonald, 
19496, p. 1572). 41, 44, 1921 lavas (Table 1, Nos. 1 and 5); 42 prehistoric lava (Muir and Tilley, 1957, 
Table 3, No. 2). PE, field of analysed basalts of the 1955 eruptions (Table 4). ¥ = No. 80 of this series, 
Y iron-rich tholeiite, segregation vein in basalt of Kilauea Caldera (Kuno, 1957, p. 188). Mauna Loa 
line: 7, 8 picrite basalts (Macdonald, 1949a, Table, p. 63, Nos. 7 and 8); 11-14 basalts (Macdonald, 
1949a, Table, p. 63, Nos. 11-14); 21a, 1887 lava, unpublished analysis (J. H. Scoon). 54, quartz 
dolerite, Koolau Series, Palolo quarry, Honolulu (Tilley, 1950, p. 41). Hawaiian alkali series: A, AA, 
OA, Tr, averages of G. A. Macdonald, 1949), Table 5, p. 1571, Nos. 5, 10, 12, and 13 respectively. 
43, Yoder & Tilley, 1957, Table 2, p. 157, No. 4; H, G. A. Macdonald & H. A. Powers, Bull. geol. Soc. 
Amer., 1946, 57, p. 119, Table 1, No. 6; K, H. S. Washington & M. G. Keyes, Amer. J. Sci., 1928, 
15, p. 203, Table 1, No. 5; 55 (Kohala); B, 56, 57, 58 (Mauna Kea) unpublished analyses, J. H. Scoon. 
These analyses are similarly indicated in the plot of Fig. 2. 


fractionation trend of the picrite basalt—basalt series of ihe 1840 eruptions, and 
the Mauna Loa line for the historic lavas of that volcano. The most recent 1955 
flank eruptions of Kilauea (PE of Figs. 1 and 2) are aligned on or close to the 
Kilauea line and these are discussed later in this paper. A recent visit to Hawaii, 
kindly sponsored by the Carnegie Institution of Washington and under the 
guidance of Dr. G. A. Macdonald of the University of Hawaii, has enabled the 
writer to collect variants of the 1921 eruption which flooded part of the Kilauea 
Caldera and further to obtain a suite of dated specimens of the 1955 flank erup- 
tion in east Puna. 
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VARIANTS OF THE 1921 ERUPTION OF KILAUEA CALDERA 

Two analyses of the 1921 lava have already been published (41 and 44 of 
Figs. 1 and 2). The first of these (41) was the subject of extended experimental 
study by Yoder & Tilley (1956). Four further analyses by Mr. J. H. Scoon of 
variants of the 1921 eruption are now made available, and the analytical data for 
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Fic. 2. Plot of analyses of Hawaiian lavas (alkalis/silica) numbered analyses as in Fig. 1 with addition 
of K = weighted average Kilauean historic lava, L = weighted average Mauna Loa historic lava 
(Powers, 1955, p. 88). 


the six lavas have been set down in Table | with norms (Table 2). Among these 
are a tachylyte with a few per cent only of crystals which already include the 
major phases of crystalline Kilauea basalt, olivine, plagioclase, and clinopyrox- 
ene, and an example of Pele’s Hair with only a fraction of 1 per cent crystals 
(olivine) (Table 1, No. 4). These analyses have been plotted on a similar diagram 
(Fig. 3) to that of Fig. 1 and are seen to conform to the Kilauea line of Fig. 1. 
The analyses are furthermore plotted in a ternary diagram, the familiar FMA 
plot (FeO+ Fe,O,: MgO: Na,O+ K,O) and reveal both iron and alkali enrich- 
ment (Fig. 4). 


VARIANTS OF THE 1955 FLANK ERUPTION OF KILAUEA IN EAST PUNA 
An account of this eruption which lasted over a period of three months has 
been given by Macdonald and Eaton in The Volcano Letter, U.S. Geol. Surv. 
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TABLE 1 


Basalts of the 1921 Kilauea eruption 











1 2 3 4 5 6 
SiO, 49-16 49-43 49-49 50-04 50-04 50-07 
Al,O, | 13-33 12-92 13-14 14-02 13-68 13-70 
Fe,0, 1-31 3-14 1-49 1-72 2-29 1-54 
FeO 9-71 8-34 9-83 9-45 9-05 9-80 
MnO 0-16 0-18 0-17 0-17 0-17 0-17 
MgO | 10-41 9-24 8-96 6-93 7-61 7:10 
CaO 10-93 11-02 11-19 11-54 11-38 11-59 
Na,O 2-15 2-22 2:24 2-42 2-24 2-39 
K,O 0-51 0-52 0-52 0-57 0:57 0-56 
H,O+ | 0-04 0-17 0-09 0-10 nil 0-05 
H,O~ 0-05 0-01 0-01 nil 0-02 nil 
TiO, 2:29 2:85 2-78 3-02 2:76 2-96 
P.O, 0-16 0-26 0-26 0:26 0-27 0-27 
Cr,O, | 0-09 0-06 
(CO,) 
100-30 | 100-30 | 10017 | 100-24 | 100-14 | 100-20 























Caldera. Macdonald & Eaton (1955). 


6. Tachylyte (1921 lava) west edge of Kilauea Caldera 5,000 ft slightly west of south of Volcano 


Observatory, Kilauea. 


Norms of analyses of Table | 


TABLE 2 


. Olivine Basalt, near highway, 1-4 miles south of Volcano Observatory, Kilauea. 
. Olivine Basalt, 4,000 ft south-east of Volcano Observatory, Kilauea. 
. Olivine Basalt (1921 lava), 2-1 miles slightly east of south of Volcano Observatory, Kilauea. 
- Basalt Glass (Pele’s Hair) (1921 lava), Desert near 1919 Rift Crack, south-west of Halemaumau 
(collected by Dr. T. A. Jaggar). 

5. Olivine Basalt (192 Ilava) roadcut, south-west of Halemaumau near south edge of Kilauea 























1 2 3 4 5 6 
Qz — 0-69 — 0-87 1-44 0-33 
Or 2-78 3-06 3-06 3-34 3-34 3-34 
Ab 17-82 18-34 18-86 20-44 18-86 20-44 
An 25-30 23-77 24-19 25-58 25-58 24-74 
Di 22-93 23-27 24-13 24-46 23-67 25-41 
Hy 15-35 20-26 17:97 16-52 17-94 17-41 

Ol 9-14 _— 3-81 — — — 
Il 441 5-39 5-32 5-78 5-17 5-62 
Mt 2-09 4-53 2-09 2-55 3-25 2-21 
Ap 0-34 0-67 0-67 0-67 0-67 0-67 
Rest 0-09 0-18 0-10 0-10 0-16 0-05 
100-25 100-16 100-20 100-31 100-08 100-22 
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Fic. 3. Plot of analyses of the six lava variants of the 1921 Kilauea eruption showing iron enrichment 
along the Kilauea line. Nos. 41, P, Q, 44, R, and S refer to analyses 1, 2, 3, 5, 4, and 6 respectively of 
Table 1. 1840a, 1840p, picrite basalt and basalt of 1840 eruptions. 
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Fic. 4. Plot of analyses of the lava variants of the 1921 Kilauea eruption in the system FeO + Fe,O;: 
MgO: Na,O+K,O (FMA). Numbering of analyses as in Fig. 3. The line R-41-192lex joins the com- 
position of two lavas (R, 41) extended to 192lex a possible extract crystallate from 41 to give the liquid 
of the Pele’s Hair analysis (R). See Table 3, analysis 3. 
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Publication No. 529, 530, 1955, pp. 1-14, and analyses of dated lavas have been 
made in the U.S. Geological Survey Laboratories (M. Balazs, analyst). The 
analyses have been published by Macdonald (1955). Eight analyses of dated 
basalts of these eruptions—including the initial eruption of 28 February and the 
final eruption of 25 May are available and are set out in Table 4 and Table 5 
(norms) with the date of eruption of each. The petrography of these lavas has 
been studied by Dr. Macdonald but his account still awaits publication. In view 








35 30 


Fic. 5. Plot of analyses of the lava variants of the 1955 Kilauea flank eruptions in east Puna in the 

system FeO+ Fe,O,: MgO: Na,O+ K,O (FMA). Numbering of analyses as in Fig. 4 with the analyses 

82-75 of the Puna eruptions (Table 4, Nos. 82-75) showing progressive iron and alkali enrichment. 

Lava 82 is the earliest eruption and lava 77 the latest. 1955ex, possible extract from lavas 75, 76 to 
give 82. 


of this promised study no further reference to the petrography of these basalts 
will here be made. In Fig. 5 the analyses are plotted in a FMA diagram similar 
to that of Fig. 4 and are there compared with the trend of the 1840 and 1921 
eruptions. The three trends are closely aligned and with the convincing demon- 
stration of the 1840 trend point to crystal fractionation as the prime factor in the 
variation both of the 1921 eruptions and those of the 1955 flank eruptions. 
The character of the crystal extract suggested for the chemical variation of the 
1840 eruptions has already been noted (Muir & Tilley, 1957, pp. 252-3) and 
treatment on similar lines can be applied to the 1921 lava series. A possible solu- 
tion for this series using the analysis of the Pele’s Hair and the least siliceous of 
the 1921 lavas is graphically expressed in Fig. 5 and the composition of the 
crystallate so derived is set out in Table 3. The composition is that of a picrite 
basalt and is closely comparable to the 1840 picrite basalt of Nanawale Bay. 
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TABLE 3 














| l 2 3 Norm of 3 
SiO, 49-16 50-04 47-10 
Al,O,; 13-33 14:02 11-72 Or 222 
Fe,O, 1:31 1:72 0-35 Ab 12-58 
FeO 9-71 9-45 10-32 An 24-19 
MnO 0-16 0:17 0-14 Di 18-52 
MgO 10-41 6:93 18-53 Hy 424 
CaO 10-93 11-54 9-51 Ol 36-67 
Na,O 2:15 2:42 1-52 Il 1:22 
K,O 0-51 0:57 0:37 Mt 0-58 
H,G+ 0:04 0-10 -- — 
H,O- 0-05 nil -~ — 
TiO, 2:29 3-02 0-58 — 
P.O; 0-16 0-26 — — 
Rest 0-09 a = == 
100-30 100-24 100-14 100-22 














1. Olivine Basalt (1921 Kilauea Lava), near highway 1-4 miles south of Volcano Observatory, 
Kilauea. 

2. Basalt Glass (Pele’s Hair, 192: Kilauea Lava), Desert near 1919 Rift Crack, south-west of 
Halemaumau (collected by Dr. T. A. Jaggar). 

3. Composition of extract (30 per cent from 1) to give 2. 


TABLE 4. Basalts of the 1955 flank eruption of Kilauea in east Puna 























82 | 81 80 79 “si & 75 77 

SiO, | 51:24 | 5099 | 50-94 50:91 50-53 50-58 50-61 50-53 
Al,O; | 13-60 | 13-73 | 13:79 13-72 13-84 13-74 13-80 13-95 
FeO, | 1-87 3-39 2-16 2-65 2-98 1-97 2-66 2-56 
FeO | 11-19 9-36 | 10-25 9-67 9-32 9-95 9-31 9-40 
MnO | O18 | 0-18 0-18 0-18 0-18 0-17 0-17 0-17 
MgO | 5-12 5-42 5-57 5-64 6-19 6-57 6-61 6-33 
CaO | 9-03 9-38 9-57 9-58 10-10 10-27 10-28 10-28 
Na,O | 2-81 2-75 2-70 2-68 2-61 2-51 2-49 2-56 
K,O | 083 0-80 0-76 0-74 0-67 0-72 0-69 0-64 
H,O* | 0-03 0-03 0-03 0-01 0-02 0-06 0-00 0-00 
H,O- | 000 | 001 0-02 0-02 0-01 0-01 0-01 0-01 
TiO, | 3-74 3-57 3-70 3-60 3-31 3-22 3-12 3-23 
P.O, | 0-41 0-39 0-40 0-40 0-30 0-35 0-34 0-28 
Rest | 009 | 007 0-08 0-07 0-07 0-08 0-06 0-05 

100-14 | 100-07 | 100-15 99:87 | 100-13 | 100-20 | 10015 99-99 

















82. Keahialaka flow erupted 28 February, at Pohoiki road south of Honuaula cone, east Puna. 

81. Kii flow erupted 3 March at coast road 2-6 kilometres north of Pohoiki, east Puna. 

80. Kaueleau flow erupted 14 March, in tidal zone at north edge of flow 2-2 kilometres south-west 
of Opihikao, east Puna. 

79. Kaueleau flow erupted 14 March, at road near top of old sea cliff 2-2 kilometres south-west of 

Opihikao, east Puna. 

} 78. Keekee flow erupted 25 March, at coast road 5 kilometres south-west of Opihikao, east Puna. 
f 76. Kehena flow erupted 28 March, in tidal zone 6 kilometres south-west of Opihikao, east Puna. 

75. Kehena flow erupted 28 March, at top of old sea cliff at coast road 6 kilometres south-west of 
Opihikao, east Puna. 

77. Flow of 25 May, 100 metres south-west of intersection of Kalapana and Kamaili roads, east Puna. 
All analyses by M. Balazs. 


re 
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Inspection of the analyses of the 1955 Puna sequence (Table 5, Nos. 82-77 in 
order of eruption) and Fig. 5 shows that the initial eruption of 28 February 
(No. 82) is the most differentiated flow, while the latest eruption of 25 May 
(No. 77) is among the group of least iron-enriched lavas (Nos. 75, 76, 77). The 
change in iron enrichment exhibited by the suite is also accompanied by change 

















TABLE 5 
Basalts of the 1955 flank eruption of Kilauea. Norms of earliest (82) and 
latest (77) flows 
82 77 
Qz 4:35 3-33 
Or 5-00 3-56 
Ab 23-58 | ap 21-48 | 
An 21-96)" 24-74 | 
Di 17-00 20-15 
Hy 17-24 16-07 
ll 7-14 6-08 
Mt 2-66 3-83 
— . 1-01 0-67 
Rest . 0-11 0-06 
100-05 99-97 
FeO-+ Fe,0; 
0-72 0-65 
MgO + FeO + Fe,0, 
Na,O+K,O 3-64 3-20 
Normative pyroxene Wo,;En37.;FS37,5 WOo9.5Engs.5F S25 











in alkali and titania enrichment. It would appear that in the 1955 Kilauea lava 
sequence a differentiation column may have been early established with the 
production of a supernatant liquid eventually to appear as the first eruption 
(No. 82) of the suite. Alternatively, the earliest eruption may represent the first 
available product of a partial melting sequence, which process, however, may also 
have been accompanied by gravitative differentiation in the products. This 
account has been confined to a study of chemical data on the Kilauean lavas: 
petrographic data and a further petrogenetic study especially of the 1921 lava 
suite and on Kilauean and historic Mauna Loa flows are reserved for a later 
communication. 

The writer desires to record his great indebtedness to Dr. G. A. Macdonald 
of the University of Hawaii for guidance in the field during a visit to Hawaii 
with Dr. H. S. Yoder Jr. of the Geophysical Laboratory, Washington, to Dr. 
Yoder for subsequent discussion of these results, and to Dr. K. J. Murata, 
Director of the Volcano Observatory, and Mr. G. D. Frazer for many facilities 
during the field study. 
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ABSTRACT 


The limit of solid solution of SiO, in nephelines has been determined at 700° C and a water 
pressure of 15,000 Ib/sq. in. X-ray data are given for the determination of the composition of 
nephelines in equilibrium with alkali feldspar at 700° C. 

The break in the plot of lattice parameters against chemical composition for nephelines in 
the system NaAlISiO,-K AISiO, (Tuttle & Smith, 1958) is found to persist in the ternary sys- 
tem and occurs when six out of the eight alkali atom sites are filled by Na. 


INTRODUCTION 


THIS paper describes the determination of the limit of solid solution of SiO, in 
nephelines in the system NaAISiO,-K AISiO,-SiO,-H,O at 700° C and a pres- 
‘sure of water of 15,000 Ib/sq. in. A graph has been constructed for the determina- 
tion from X-ray powder patterns of the composition of nephelines having the 
maximum amount of SiO, present at 700° C. This is part of a study of the phase 
relations in the silica-poor part of the system NaAlSiO, (nepheline)-K AISiO, 
(kalsilite)}-SiO,-H,O at present being carried out in this laboratory. The first- 
named author is responsible for the experimental work, while both authors 
collaborated in the interpretation of the results. 

Smith & Sahama (1954) published details of an X-ray powder method for 
obtaining the ratio of K to K+-Na+Ca in nephelines; their determinative curve 
was compiled using synthetic nephelines in the system NaAISiO,-KAISiO,. The 
present study was undertaken so as to make possible the determination from 
X-ray powder patterns of the ratio of Na to K+ Na in nephelines in equilibrium 
with alkali feldspar in the system NaAISiO,—K AISiO,-SiO,—-H,O at 700° C and 
so having the maximum amount of excess SiO,! present for that temperature. 
Chemical analyses of natural nephelines show that they commonly have excess 
SiO, over that required by compositions in the system NaAISiO,-KAISiO, as 
well as some CaO and small amounts of other oxides; the X-ray data on the syn- 
thetic nephelines in equilibrium with alkali feldspar is published here in the 
belief that the Na/K+Na+Ca ratio of high-temperature natural nephelines 
may be obtained with greater accuracy than is possible from the data on syn- 
thetic nephelines with no excess SiO,. Alternatively, if the chemical composition 

1 Although in the present context it is most suitable to describe these nepheline solid solutions as 
having excess SiO, it should be noted that nepheline solid solutions in the system NaAlSiO,—SiO, 


are due to vacant sites in the nepheline structure and they could be more accurately described struc- 
turally as having deficient alkali atoms. 
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of a nepheline in equilibrium with an alkali feldspar is known from chemical 
analysis, the data on the limits of solid solution provide an approximate tem- 
perature for the establishment of the equilibrium. 

Although water is a component in the system, it does not enter into any of the 
phases in the temperature range with which we are concerned here, and so we 
can discuss the system as though it were anhydrous. The effect of pressure on the 
limit of solid solution of SiO, in nepheline is probably small and has been 
neglected for the present. 


EXPERIMENTAL METHODS 
Preparation of starting materials 


The basic requirements of a starting material from which small quantities will 
be used for a number of experiments is that it should be of the required composi- 
tion and that it should be as nearly homogeneous as possible. Five grams of each 
composition used in this study were prepared by the meihod to be described 
below and from this a sample weighing approximately 0-07 g was tested for 
alkalis using a flame photoineter. The alkali content in every preparation was 
found to be correct within the limits of accuracy of the method of analysis. As a 
check on the homogeneity of the preparations four separate determinations of 
alkali content were made on a number of the preparations and again these were 
found to agree within the accuracy of the method of analysis. The method of 
preparing the compositions is a modification of that described by Roy (1956). 
The materials used were: 


SiO, : tetra-ethyl orthosilicate (C,H;),SiO, was kindly provided by Monsanto 
Chemicals Ltd. The yield of SiO, obtained by gelling a weighed amount of 
this material was determined to be 99-7 per cent of the calculated amount, 
the deficiency probably being due to a small amount of ethyl alcohol im- 
purity. 

Al,O,: a very finely divided aluminium powder was provided through the 
courtesy of the British Aluminium Company and the purity of this material 
was stated to be 99-99 per cent. 

Na,O and K,O: carbonates of ‘ Analar’ grade were used as a source of Na,O 
and K,O. 


A weighed amount of the orthosilicate was gelled in a platinum basin by 
adding a few millilitres of 0-88 ammonium hydroxide and sufficient ethyl alcohol 
to render the two liquids completely miscible. A very finely divided sample of 
SiO, was obtained by drying the gel. A weighed amount of aluminium metal 
was dissolved in hot dilute nitric acid, and the weighed carbonates of 
sodium and potassium added. The solution of nitrates of aluminium, sodium, 
and potassium was added to the silica powder in the platinum basin and the 
liquid evaporated on a water bath with frequent stirring to keep the solid and 
liquid well mixed. The resulting dry cake was ground in an agate mortar and 
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returned to the platinum basin and the nitrates decomposed by heating to a dull 
red heat over a Bunsen burner and then in an oven at 600° C for 12 h. At this 
stage it was usual to find that the powder had sintered slightly and it was re- 
moved from the platinum basin and ground again in an agate mortar. Micro- 
scopic examination revealed that the powder was in a very finely divided state 
and no powder diffraction pattern was produced on radiation by X-rays. 


Apparatus 


All the crystallization experiments were carried out in Tuttle ‘cold seal’ pres- 
sure vessels (Tuttle, 1949) using the sealed tube technique (Goransen, 1931), the 
capsules being made of gold. Temperature measurements were made by chromel- 
alumel thermocouples and continuously recorded on a Honeywell—Brown re- 
cording potentiometer. The thermocouples were calibrated at the melting-point 
of zinc (419-5° C) and the melting-point of sodium chloride (801° C). All experi- 
ments reported here were made at 700° C and at a water pressure of 15,000 Ib/sq. 
in. and the temperatures are estimated to have been within +5° C of 700° C. 
Water pressure was measured by a Bourdon tube type pressure gauge and the 
pressure is estimated to have been within +500 Ib/sq. in. of the stated value. 


DETERMINATION OF THE LIMITS OF NEPHELINE SOLID SOLUTION 


In the binary system NaAlSiO,—NaAlSi,O, the limit of nepheline solid solu- 
tion was determined to be Ne,,Ab,, at 1068° C.’ (Greig & Barth, 1938), i.e. 
Ne,;Qz,; when referred to the system NaAISiO,-SiO,. At 750° C under a pres- 
sure of water of 15,000 Ib/sq. in. the limit of solid solution is Negg.;Qz,).; 
(MacKenzie, 1954). In the system NaAlSiO,-KAISiO, the limit of nepheline 
solid solution at 700° C is Neg.Ks,, (Tuttle & Smith, 1958). With this informa- 
tion as a guide, fourteen compositions (Table 1) were prepared to cover the 
expected position of the boundary delimiting the field of nepheline solid solution 
in the system NaAISiO,-KAISiO,-SiO,. In addition to these a number of glasses 
of compositions in the system NaAlSiO,—NaAlSi,O, were also available; these 
were kindly lent to us by Dr. J. W. Greig of the Geophysical Laboratory. 

As stated above all experiments reported here were made at 700° C and a water 
pressure of 15,000 Ib/sq. in. In each experiment the products consisted of a 
nepheline solid solution only or a nepheline solid solution? together with one of 
the following phases or phase assemblages: (a) feldspar, (b) leucite, (c) kalsilite, 
(d) feldspar +-leucite, or (e) leucite+kalsilite. The products of each experiment 
were examined under the petrographic microscope and also by X-ray powder 
methods using a Philips high angle X-ray diffractometer. Using the fourteen 
compositions listed in Table | the limits of the field of nepheline solid solution 


1 Unless otherwise stated compositions are given in weight per cent of standard mineral molecules, 
e.g. Ne (nepheline), Ks (kalsilite). 

2 In subsequent references to nepheline solid solution this may be abbreviated to nepheline and it 
will be understood that this does not refer only to the composition NaAlISiO,. Kalsilite and leucite 
solid solutions will be similarly abbreviated. 
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could be drawn approximately. Its position was fixed more accurately by crystal- 
lization experiments on intermediate compositions prepared by thorough mixing 
of weighed amounts of the original compositions. The results of these experi- 
ments are set down in Table 2 and the field boundary delimiting the extent of 
nepheline solid solution at 700° C and a water pressure of 15,000 Ib/sq. in. is 
drawn in Fig. 1. With only a very small error this curve can be represented 
approximately by a straight line and this has been done in Figs. 3, and 4. 

The tendency for the feldspar to form large crystals of platy habit and higher 
birefringence than the accompanying nepheline made that part of the boundary 








TABLE | 
Initial compositions prepared 
Code No. Ne Ks Qz 
61 85 5 10 
62 80 10 10 
63 75 15 10 
64 70 20 10 
71 90 5 5 
72 85 10 5 
73 80 15 5 
74 75 20 5 
75 70 25 5 
76 65 30 5 
77 60 35 5 
86 70 30 0 
87 65 35 0 
88 60 40 0 














between the fields of nepheline and nepheline+ feldspar relatively easy to deter- 
mine. The detection of a small amount of leucite was made difficult because of 
the possibility that some glass of refractive index similar to leucite might have 
been formed; certainly this possibility had to be borne in mind before reporting 
the presence of leucite in a particular experiment. The optical properties of 
nepheline and kalsilite are so similar that it was found almost impossible to dis- 
tinguish the two phases optically and so the presence of kalsilite could only be 
determined by X-rays; as a result a few per cent kalsilite could easily escape de- 
tection. For these reasons the position of the boundary between the fields of 
nepheline and nepheline+leucite or nepheline+leucite+kalsilite or nephe- 
line+-kalsilite is considered to be less accurate than that part of the boundary 
between the fields of nepheline and nepheline +feldspar. 


DETERMINATION OF THE COMPOSITION OF NEPHELINE SOLID 
SOLUTIONS 
Although it has been suggested by Donnay, Schairer, & Donnay (1959) that a 
negligible change in the lattice parameters of pure NaAlISiO, is produced by 
omission solid solution in the system NaAISiO,-SiO,, it became fairly clear at 
the outset of the present study that considerable errors were introduced if the 
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ratio of K to K+ Na (or the ratio of Ne to Ne+Ks) in nephelines with excess 
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SiO, was obtained by using the X-ray data for nephelines with no excess SiO,. 
To determine the composition of synthetic nephelines having the maximum 
amount of excess SiO, at 700° C curves have been drawn relating the positions 


TABLE 2 


Experimental data for runs at 700° C and 15,000 /b/sq. in. water pressure 


Abbreviations: Ne = nepheline solid solution; Feld = alkali feldspar; 
Le = leucite; Ks = kalsilite 





Starting material 


























Initial 
Run No.|_ condition Ne Ks Qz Time Products 
(days) 

269 glass 90-8 0-0 9-2 4 Ne 
268 glass 88-5 0-0 11-5 4 Ne-+ Feld 
280 glass 89-7 0-0 10-3 2 Ne-+ Feld 
292 mix 88-9 1:3 9-8 14 Ne-+ Feld 
250 mix 61 85-0 5-0 10-0 2 Ne-+ Feld 
258 mix 87-5 5-0 7-5 2 Ne 
276 mix 85-0 6-2 8-8 2 Ne-+ Feld 
457 mix 85-0 7:5 7-5 3 Ne 
244 mix 62 80-0 10-0 10-0 2 Ne-+ Feld 
256 mix 82:5 10-0 7-5 2 Ne 
458 mix 81-7 11-6 6-7 3 Ne 
278 mix 80-0 12-5 7:5 2 Ne-+ Feld 
294 mix 78-3 15-0 6:7 14 Ne-+ Feld 
277 mix 78-0 16-0 6-0 2 Ne-+ Feld 
242 mix 73 80-0 15-0 5-0 2 Ne 
254 mix 77:5 17-5 5-0 2 Ne-+ Feld 
245 mix 74 75-0 20-0 5-0 2 Ne-+ Feld 
513 mix 75-0 21-7 3-3 2 Ne 
459 mix 73-7 22:5 3-8 3 Ne-+ Feld 
514 mix 72:5 25:0 2-5 2 Ne 
246 mix 75 70-0 25-0 5-0 2 Ne-+ Feld 
279 mix 71-7 25-0 3-3 2 Ne+Lc 
255 mix 70-0 27:5 2:5 2 Ne 
482 mix 76 65-0 30-0 5-0 2 Ne+Lc 
472 mix 67-5 30-0 2-5 2 Ne+Lc 
499 mix 68-3 30-0 1:7 2 Ne 
493 mix 66°6 31-7 1:7 2 Ne+Lc 
474 mix 62-5 35-0 2-5 2 Ne+Ks+Lc 
475 mix 60:0 37-5 2:5 2 Ne+Ks+Lc 
489 mix 60-0 38-8 1:2 2 Ne+ Ks 
470 mix 87 65-0 35-0 0-0 2 Ne 
495 mix 62:5 37-5 0-0 2 Ne+ Ks 





of the 2130 and 2022 reflections in X-ray powder patterns with chemical com- 
position. 

To ensure that nepheline compositions along the full length of the field boun- 
dary at regular composition intervals were available, compositions in the ternary 
system NaAlSiO,-KAISiO,-SiO, additional to those already used in finding the 
position of the field boundary had to be prepared and crystallized. Some of the 
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Fic. 1. Part of the triangular diagram NaAlSiO,-KAISiO,-SiO, showing the limits of nepheline 

solid solution at 700° C and a water pressure of 15,000 Ib/sq. in. A dashed line joins the composition 

of the change in slope of the curves in Fig. 2 Nez3.3KSe2.5Qz49 to the composition NasKAI,Si,O;, 

{Neéz29KSe7,). @ = nepheline solid solution; + = nepheline+feldspar; m = nepheline+ leucite; 
O = nepheline+ leucite+ kalsilite; * = nepheline+ kalsilite. 


TABLE 3 
Values of 20 (CuK) for 2022 and 2130 reflections 











a Bulk composition of charge Composition of nepheline 20 26 
No. Ne Ks Qz Ne Ks Qz 2130 2022 
280 89-7 0-0 10-3 90-0 0-0 10-0 27-329 29-780 
282 85-8 5-2 9-0 86-5 5-0 8-5 27-310 29-765 
276 85-0 6:2 8-8 85-5 6:2 8-3 27-305 29-756 
291 83-4 8-3 8-3 84-0 8-3 7-7 27-291 29-739 
283 81-8 10-6 7-6 82-3 10-7 7-0 27-290 29-726 
458 81-7 11-7 6:6 81:7 11-7 66 27-292 29-731 
294 78-3 15-0 6-7 79-5 14-5 6:0 27-270 29-710 
F 277 78-0 16-0 6-0 78-8 15-5 5:7 27-263 29-699 
; 254 77:5 17:5 5-0 77°5 17-5 5-0 27-261 29-702 
245 75-0 20-0 5-0 75-5 20-0 4:5 27:256 29-687 
459 73-8 22:5 3-7 73-8 22:5 3-7 27-249 29-669 
279 71-7 25-0 3-3 71:7 25-0 3-3 27-220 29-659 
255 70-0 27-5 2:5 70-0 27-5 2:5 27-201 29-635 
472 67:5 30-0 2:5 68-0 29-8 2:2 27-174 29-609 
493 66:7 31-7 1-6 66-7 31-7 1-6 27-141 29-575 
498 65:0 33-3 1:7 65:0 33-3 1:7 27-151 29-557 
488 63-7 34-7 1:6 64:5 34-3 1:2 27-133 29-550 





























compositions used to obtain the X-ray data were just inside the nepheline field 
and others were just outside it but all were very close to the boundary. In the 
former case the composition of the nepheline was that of the bulk composition 
of the charge. In the latter case the composition of the nepheline had to be cor- 
rected for the small amounts of another phase or phases present which were 
always less than 5 per cent of the total charge. 
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Silicon was used as an internal standard in smear mounts for obtaining the 
X-ray diffraction patterns of the nephelines, and the region from 26 30° to 
26-5° was scanned four times using filtered Cu radiation. The diffractometer was 
set to scan the required range of 20 at 1° per minute and the chart speed set to 
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Fic. 2. Plot of values of 2 (CuK) of the 2130 and 2022 reflections against composition of nephelines 
lying on the straight line joining the compositions NegoKs_QzZ,> and Neég4K$36.5QZo.5. This straight line 
is a close approximation to the boundary curve drawn in Fig. 1. 


record at 1,600 mm per hour. The positions of the 2130 and 2022 reflections of 
each nepheline sample were measured using a specially constructed rule with a 
vernier capable of measuring to 0-001° of 20, the position of the silicon line used 
as an internal standard being taken as 28-465° (CuK,,). 

Table 3 gives a list of the compositions used and the values of 20 for the 2022 
and 2130 reflections for these compositions: this data is plotted in Fig. 2. Smith 
& Sahama (1954) calculated that the random error in measuring the positions 
of the 2022 and 2130 reflections is of the order of 0-01° in 20. The method of 





AE PETRI 














he 
to 
as 


7 














NEPHELINE SOLID SOLUTION 63 


measuring the peak positions used in the present study is similar to that adopted 
by Smith & Sahama so that the error will be approximately the same. The 
additional error iatroduced into the present work by the slight departure of 
some of the compositions from the experimentally determined field boundary 
is unlikely to increase the total error significantly from 0-01° in 26. 

The points in Fig. 2 can best be represented by two straight lines for each 
reflection with the change in slope at the composition Ne73.;KSoo.5QZ4.9. The 
significance of this is discussed with reference to the ternary system in a following 
section. 

As a check on the reliability of the graphs for the determination of the com- 
position of synthetic nephelines lying on the field boundary, several compositions 


TABLE 4 


Results of experiments to check nepheline compositions 














Composition of 

starting Composition | Composition of nepheline Composition of nepheline 
ra material of feldspar from diagram from X-ray 
No. | Ne Ks Qz Or Ne Ks Qz Ne Ks Qz 
419 | 70 5 25 5 85-0 7-0 8-0 86:5 6:0 7:5 
420 | 65 10 25 16 82:2 10-8 7-0 81-6 11-7 6:7 
421 60 15 25 32 81-0 12:5 6°5 80-4 13-2 6-4 
423 | 50 25 25 65 80-0 13-8 6:2 80-0 13-8 6:2 



































roughly half-way between the nepheline solid solution field boundary and the 
alkali feldspar join were crystallized at 700° C for 2 days. Optical examination 
of the products of these experiments confirmed that each charge consisted of 
nepheline and feldspar only. Each charge was divided into two parts and the 
nepheline in one of these was dissolved by adding a drop of dilute HCI and an 
X-ray powder diffraction pattern of the feldspar recorded. The composition of 
the alkali feldspar was obtained from the position of the 201 reflection (Bowen 
& Tuttle, 1950) using K BrO, as an internal standard (Orville, 1958). It was neces- 
sary to dissolve the nepheline before finding the feldspar composition because of 
interference between the 201 reflection of the fairly potassium-rich feldspars and 
the 0002 reflection of nepheline. The composition of the nepheline was then 
obtained from the diagram of the system NaAISiO,-KAISiO,-SiO, by joining 
the feldspar composition to the bulk composition of the charge and producing 
to intersect the nepheline solid solution field boundary. The composition of the 
nepheline obtained in this manner is compared with that obtained from an 
X-ray powder diffraction pattern and the results set out in Table 4 show that the 
agreement is fairly good. The nepheline-feldspar tie-lincs are reproduced in 
Fig. 3. 

In Fig. 4a the values of 20 (CuK,) for the 2032 and 2130 reflections of 
nephelines in the system NaAISiO,—K AISiO, (Smith & Sahama, 1954) have been 
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plotted along the base line of the ternary diagram; values of 20 for the same 
reflections for nepheline compositions in equilibrium with alkali feldspar at 
700° C have been plotted along the field boundary and a number of points of 
corresponding 20 value have been joined by dashed lines in the case of 2022 
reflections and continuous lines in the case of 2130 reflections. Any nepheline 


SiO, 
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Fic. 3. Diagram of the system NaAlSiO,-KAISiO,-SiO, showing nepheline-feldspar tie-lines for 
four compositions crystallized at 700° C and Py,.9 = 15,000 Ib/sq. in. Data are set out in Table 4. 


whose composition can be represented in this part of the system might be ex- 
pected to plot, from a measurement of the position of the 2022 or the 2130 
reflection, near the appropriate straight line or its extension. This has been done 
for a number of natural nephelines in the next section. 


APPLICATION OF X-RAY DATA TO NATURAL NEPHELINES 


As previously noted, the X-ray data given here are applicable only to nephe- 
lines which can be represented in the system NaAlSiO,-KAISiO,-SiO, and 
which are in equilibrium with an alkali feldspar at 700° C. Natural nephelines 
frequently have small amounts of CaO, Fe,O;, and FeO in their analyses, and 
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Fic. 4a. Diagram of part of the system NaAISiO,-KAISiO,-SiO,. Solid lines join compositions 

having corresponding values of 20 (CuK) for the 2022 reflection and broken lines join compositions 

having corresponding values of 26 (CuK.,) for the 2130 reflections. The data for nephelines in the system 

NaAlSiO,-KAISiO, are from Smith & Sahama (1954). The two full circles represent the compositions 
at which changes in slope occur in the X-ray determinative curves. 
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Fic. 48. Diagram of part of the system NaAlSiO,-KAISiO,-SiO,. Plot of the compositions of seven 
natural nephelines with straight lines joining the compositions obtained from the X-ray determinative 
graph in Fig. 2 to the compositions obtained from the X-ray determinative graph of Smith & Sahama 
(1954). The lines are numbered to correspond with the nepheline compositions plotted. 
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to a lesser extent TiO,, MgO, and MnO. To represent these analyses of natural 
minerals in the diagram NaAISiO,-KAISiO,-SiO,, the Na,O, K,O, and CaO 
percentages together with the appropriate amounts of Al,O, and SiO, have been 
calculated as nepheline, kalsilite, and anorthite, and any excess SiO, has been 
calculated as quartz. The amounts of nepheline, kalsilite, and quartz have been 
recalculated to 100 per cent. 

In Fig. 48 a comparison has been made between the compositions obtained by 
X-ray methods for a number of natural nephelines for which Smith & Sahama 


TABLE 5 


Data on natural nephelines from Smith & Sahama (1954) 














so “rt Composition from analysis 26 (CuK,) 
No. | Sahama (1954)| Ne Ks Qz 2130 2032 Rock type 
63197 82-0 12-8 5-2 27-295 29-730 phonolite, Dunedin 
2 34475 83-4 13-8 2:8 27-280 29-710 | jacupirangite, Mogok, 
Burma 
3 34480 80-4 16-4 3-2 27-275 29-695 ijolitic nepheline syen- 
ite, Mogok, Burma 
4 FEAE 198 75-6 17-7 6-7 27-272 29-695 phonolite, E. Africa 
5 FEAE 170 74-5 18-6 6-9 27-265 29-690 phonolite, E. Africa 
6 267 76-6 20-8 2-6 27-250 29-670 nepheline syenite 
gneiss, Nyasaland 
7 E2 74-4 24-1 1-5 27-240 29-650 mariupolite dyke, 
Vaal River, Trans- 
vaal 


























Nos. 1, 2, 3 described by Tilley (1954). Nos. 4, 5 described by Tilley (1956). No. 7 described by 
Tilley (1953). 


(1954) have given the chemical analyses and the 26 values of the 2022 and the 
2130 reflections. The 20 values of the 2022 reflections of each nepheline give two 
points, one from Smith & Sahama’s X-ray data and one from the present data, 
and these are joined by straight lines numbered to correspond with the plots of 
the nepheline compositions from chemical analyses. The data used to construct 
this diagram are given in Table 5. 

The agreement between the plot of the nepheline compositions and the appro- 
priate lines is fairly good except in the case of sample 1. If the 2130 reflection is 
used the agreement is not so good but sufficient data are not available to offer 
a satisfactory explanation for this. 

The limited data available do not justify a detailed analysis but it seems clear 
that the curves given here relating composition with the 2 values of the 2022 
and 2130 reflections should be used in preference to those of Smith & Sahama 
(1954) only when it is known from the paragenesis that the nepheline should 
contain a considerable excess of SiO,. 

Donnay, Schairer, & Donnay (1959) have found that in the system 
NaAlSiO,-SiO, the cell dimensions of a nepheline having a considerable amount 
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of omission solid solution are almost the same as those of a ‘quenched high- 
temperature form’ of pure NaAlSiO, but differs from those of low-temperature 
nepheline. Lattice parameters of three nepheline compositions in the system 
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Fic. 5. Plot of lattice parameters of nephelines in the system NaAISiO,-SiO,. The points marked 
(D & D) are from the data of Donnay, Schairer, & Donnay (1959). It can be seen that there is a small 
but significant change in lattice parameters caused by the omission solid solution. 


NaAISiO,-SiO, have been calculated from measurements made from X-ray 
diffractometer patterns and the results are given in Table 6 (p. 70): these values are 
plotted in Fig. 5 along with the values given by Donnay, Schairer, & Donnay 
(1959) for the ‘quenched high-temperature form’ of nepheline and average 
values for the low-temperature form of nepheline. The same instrumental 
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settings of the diffractometer and the method of calculation proposed by 
Donnay, Schairer, & Donnay (1959) were used. 

From this data it is clear that a small but significant change in lattice para- 
meters is caused by omission solid solution from low-temperature pure sodium 
nepheline: from the change in slope of the lines joining corresponding values of 
20 for the 2022 and 2130 reflections (Fig. 4A) it is obvious that the change in 
lattice parameters, resulting from omission solid solution, increases with in- 
creasing potassium content. It is therefore incorrect to assume that omission 
solid solution in the system NaAISiO,-KAISiO,—SiO, does not affect the lattice 
parameters of a nepheline with a given Ne/Ne-+ Ks ratio. 


DISCUSSION OF X-RAY RESULTS 


The ideal composition of nepheline is, according to Buerger (1954), 
Na;KAI,Si,O,,. The detailed structural analysis (Buerger, Klein, & Donnay, 
1954; Hahn & Buerger, 1955) indicates that the structure has voids of two sizes 
which are occupied by alkali atoms, three of the voids being smaller than the 
fourth. The exact chemical composition of the crystal used for the detailed struc- 
tural analysis was not known but, since it came from Monte Somma, it presum- 

ably contained some potassium and an excess of SiO,. Hahn & Buerger (1955) 
note that the ideal structure of nepheline requires this potassium to be present 
at the origin on a twofold equipoint, but a negative anomaly at the origin sug- 
gested a deficiency of 0-65 atoms per cell in this position. It appeared also that 
there was a deficiency of Na atoms in the sixfold equipoint but this was not 
studied in detail. 

In their study of the system NaAISiO,-KAISiO,, Tuttle & Smith (1953, 1958; 
also Smith & Tuttle, 1957) noted a change in slope of the lines representing a 
plot of the lattice parameters a and c against ratio of alkali atoms, the change in 
slope occurring at Na/K = 3/1 which may be expressed as Ne;..,Ks,,, (weight 
per cent). They correlated this change of slope in the case of the sodium-rich 
nephelines with the extra sodium atoms over the optimum number of six enter- 
ing larger voids which are more suitable for potassium atoms and, in the case of 
the more potassium-rich nephelines, extra potassium entering the two smaller 
voids which are suitable for sodium atoms. 

The change in slope of the lines representing 20 of the 2022 and 2130 reflec- 
tions plotted against chemical composition in the present study occurs at 
Neéz3.5KSo9.5QZ49 (weight per cent) or Nez.24KSj9.59QZ917 (molecular per cent), 
a composition which can be expressed by the formula! 


Nas.97Ky 64{_lo-s9Al7.6:Sig.s9O32 


It appears therefore that, as in the case of nephelines in the binary system 
NaAlSiO,-KAISiO,, the change in slope occurs when the six sites suitable for 


1 The symbol ( represents vacant sites following the usage of Hahn & Buerger (1955) and Donnay 
(1957). 
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sodium are fully occupied and there are no excess sodium atoms which would 
have to enter sites more suitable for potassium, implying that the omissions are 
from the twofold potassium sites only. This is represented diagrammatically in 
Fig. 6 where the compositions NagK,A1,SigO3, and Nag{_]2A1gSi,9O32' are plotted 
on a molecular per cent basis in the system NaAISiO,-KAISiO,-SiO, and these 
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Fic. 6. Diagram showing part of the system NaAlSiO,-KAISiO,-SiO, with compositions plotted on 
a molecular per cent basis. The dashed line represents approximately the limit of nepheline solid 
solutions at 700° C and the position of the break in the X-ray determinative curve (Fig. 2), marked by 
the point A, is seen to lie very close to the line representing six of the eight alkali sites filled by Na 
atoms. M is the composition which Morozewicz considered to be the composition of rock-forming 
nephelines. 


two compositions joined by a straight line. The composition at which the change 
in slope appears in the graphs in Fig. 2 plots almost exactly on this line, and is 
denoted by the point A in Fig. 6. 

It is interesting to note here that the composition which Morozewicz (1928) 
believed to represent the composition of most rock-forming nephelines, and 


1 This is only a theoretical composition for a nepheline since the limit of solid solution of SiO, in 
nepheline at atmospheric pressure is Nez9.2QZe9., mol. per cent at 1,068°+5°C (calculated from 
Greig & Barth, 1938). 
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which he expressed as K,AI,Siz04).4Na,Al,Si,0,, plots very close to this line 
and may be recalculated to the formula Nag..9Ky-s9l_lo-s3gAl+.¢2Sis.3g0g2: it is 
denoted in Fig. 6 by the letter M. 

Tuttle & Smith (1958) have proposed that, at low temperature, the composi- 
tion Na;KAI,Si,O,, should be considered to be a compound and not just a single 
composition in a solid solution series. The solid solution of NaAIlSiO, in 
Na;KAI,Si,O,, they consider to be different from the solid solution of KAISiO, 
in Na,KAI,Si,O,, because different atomic sites are involved in the two cases and 
therefore there are two binary systems at low temperatures. The persistence of 


TABLE 6 


Lattice parameters of nephelines in the system NaA\SiO,-SiO, 








Composition a c 
(weight per cent) (A) (A) 
Nejoo . . . . . ° 9-979 8-331 
Neéo:.6 Qz, 4 . . . . . . 9-971 8-342 
Nego QZ; (sample !) ; 9-968 8-351 
Neoo QZ; (sample 2) - - : . 9-971 8-348 
*Nejoo quenched high-temperature form. 9-971 8-362 
tNeioo low-temperature form . , ‘ 9-986 8-330 











All values are +0-005 A. 
* Quoted from Donnay, Schairer, & Donnay (1959). 
+ Average of nine different samples from Donnay, Schairer, & Donnay (1959). 


the break in lattice parameters plotted against composition in the ternary system 
NaAISiO,-KAISiO,-SiO, lends support to the arguments put forward by Tuttle 
& Smith since the uniqueness of the composition in which all six sites suitable 
for Na atoms may be filled is retained in the omission solid solution series from 
Na,K,AI,Si,O;. towards Nag! |,Al,Si,gO0. 

Donnay (1956) and Donnay, Schairer, & Donnay (1959) have discussed the 
singularity in the curve of cell volume plotted against composition in the system 
NaAlSiO,-KAISiO, and following Ehrenfest’s classification of high order transi- 
tions they have described this as a second-order transition. If a second-order 
transition is accepted as evidence of the existence of a compound at the com- 
position of the transition, this is another way of expressing the same conclusion 
as was reached by Buerger (1954) and Tuttle & Smith (1953, 1958) that the com- 
position Na,KAI,Si,O,, should be considered to be a compound. The sub-solidus 
relations in the system NaAlSiO,-KAISiO, have certain similarities with those 
in the system CaCO,—-MnCO, (Goldsmith & Graf, 1957): complete solid solu- 
tion exists between calcite and rhodochrosite at high temperatures but below 
550° C there is only limited solid solution between rhodochrosite and kutna- 
horite, CaMn(CO,),. Goldsmith (1959) has recently discussed the question of 
ordered compounds which only exist as compounds at low temperatures and 
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kutnahorite falls in this category. The composition Na,KA!,Si,O,, appears to 
conform with this idea of an ordered compound and at high temperature its 
identity as a compound will probably disappear. 

It is not out of place here to discuss the implications, with regard to the struc- 
ture of nepheline, of the singularity in the plot of lattice spacings against com- 
position occurring when the six Na sites are fully occupied. It might, on first 
consideration, have been reasoned that the break should occur at compositions 
for which the two large sites suitable for K atoms were fully occupied and 
vacancies would then occur in the Na sites (the possibility that a second singu- 
larity occurs cannot be excluded by the limited data available). It appears, how- 
ever, that the omission solid solution from the composition Na,;KAI,Si,O,, is 
accomplished by omission of K atoms in preference to either omission of Na 
atoms only or omission of both Na and K atoms and this suggests that the 
difference in the size of the twofold sites and the sixfold sites persists well away 
from the ideal composition in which all eight alkali sites are completely filled, 
six of them by Na and two by K. Indeed, it may be suggested that everywhere to 
the left of the structure transition line Na fills the sixfold sites and K atoms or 
vacancies occur only in twofold sites. The fact that omission solid solution is 
more extensive in sodium-rich nephelines than in the potassium-rich nephelines 
is another indication that vacancies are possible only in a limited number of 
sites and these are the twofold K sites. 
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Types of Igneous Cumulates 
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ABSTRACT 


The term ‘cumulate’ is proposed as a group name for igneous rocks formed by crystal 
accumulation. After accumulation of the crystal precipitate, various ways of completing the 
crystallization process lead to differences in the rock finally produced. The various types of 
cumulates which have so far been distinguished are briefly described. 


IN layered intrusions the lower levels contain minerals of presumed high-tem- 
perature crystallization and upwards the minerals are of progressively lower 
temperature type. This relationship, together with textural features, has led to 
the view that discrete crystals successively separated from the magma and accu- 
mulated, as a result of their greater density, at the bottom of the liquid, building 
up gradually to forma layered series. Crystal accumulation without remelting was 
advocated by Bowen for the origin of certain ultrabasic rocks (1928, p. 167), and 
the term ‘accumulative rocks’ has gradually appeared in petrological literature. 
Now that an origin by crystal accumulation has been widely accepted for certain 
eucrites, gabbros, and ferrogabbros as well as for various extreme rock types such 
as dunites, pyroxenites, and chromitites, it is convenient to have a single, short 
name for the group and we suggest the word cumulate! (Latin cumulus, a heap). 

In the original description of the Skaergaard intrusion by Wager & Deer the 
initial accumulation of discrete crystals was called the primary precipitate and 
the surrounding contemporary magma, the interprecipitate liquid (1939, p. 127). 
The term ‘primary precipitate crystal” may conveniently be replaced by the 
shorter term ‘cumulus crystal’, meaning a unit of the pile of crystals as origin- 
ally precipitated from the magma before any modification by later crystalliza- 
tion. The liquid in the interstices of the cumulus may then be called intercumulus 
liquid and the crystalline material occupying this position, whether or not it has 
the same composition as the original liquid, may be called intercumulus material. 

After the original accumulation of the crystal precipitate various ways of 
completing the crystallization process lead to differences in the rock finally pro- 
duced. The various types of cumulates which have so far been distinguished are 
briefly described in this paper. The classification into types of cumulates has 
proved useful in describing Skaergaard, Rhum, and Bushveld rocks, and its use 
leads to clearer thinking about the details of the solidification processes involved. 


? Among ourselves we had for some time used the term ‘cumulite’ for an accumulative rock, the 
ending ‘ite’ conforming to that of many rock names. Professor C. E. Tilley, however, suggested that 
‘cumulate’ would be better and this we have gladly adopted since it is to be a general term for a group 
of rocks and is thus distinct from specific rock names which are the ones usually ending in ‘ite’. 


(Journal of Petrology, Vol. 1, Part 1, pp. 73-85, Feb. 1960] 
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ORTHOCUMULATES 


In the case of the Skaergaard complex it has been shown that the intercumulus 
liquid crystallized slowly, forming successive lower temperature zones round the 
primary precipitate (i.e. the cumulus crystals), and new mineral phases (Wager 
& Deer, 1939, pp. 127, 136). Crystallization of the intercumulus liquid presum- 
ably continued during a considerable fall in temperature, and by the time the 
bulk had crystallized, the thickness of the overlying pile of accumulated crystals 
must have been of the order of hundreds of feet. 

This manner of crystallization of the intercumulus liquid is particularly well 
indicated in the bands consisting originally of only one cumulus mineral. Thus 
in certain felspar-rich bands having plagioclase as the only cumulus species, the 
intercumulus liquid crystallized to form lower temperature zones round the 
cumulus plagioclase, and extensive poikilitic pyroxene, olivine, and iron ore 
crystals enclosing many of the plagioclase crystals (Figs. 14, 3a). It was postulated 
that while plagioclase material could be continuously deposited about the 
cumulus crystals, other minerals could only crystallize from the intercumulus 
liquid around relatively rare crystal nucleii which grew into large poikilitic 
- pyroxenes, olivines, and iron ore by diffusion of the appropriate substance 
towards the growing crystal (Wager & Deer, 1939, Fig. 27, pp. 119-22). If this 
be the manner of origin of the poikilitic intercumulus crystals they should be 
zoned and this can sometimes be seen. Late stage minerals such as micro- 
pegmatite, representing a final residual liquid, may also be found, in rather widely 
separated interstitial patches. This texture is diagrammatically represented in 
Fig. 1A and an actual example is figured from the Skaergaard intrusion in 
Fig. 3a. 

In the case of the Skaergaard plagioclase cumulates, the unzoned or only 
slightly zoned part of the plagioclase crystals is taken as the original cumulus 
and outside this are the impersistent zones of lower temperature plagioclase 
which have come from the intercumulus liquid. Despite the presumably very 
slow crystallization of the intercumulus liquid there was no complete making 
over of the first formed plagioclase crystals to compositions in equilibrium with 
the changing composition of the trapped magma. Had such equilibrium been 
fully maintained the crystals would have been homogeneous. The possibility of 
some making over of the plagioclase to lower temperature solid solutions cannot 
be excluded, but the extent of the process must have been slight. The making 
over of plagioclase to lower temperature solid solutions necessitates replacement 
of some of the Al by Si within the oxygen tetrahedra and such replacement 
would probably be difficult. Perhaps replacements in the pyroxenes and olivines, 
particularly of Fe** for Mg, take place more easily. 

By taking the unzoned, well-shaped part of the plagioclase to represent the 
cumulus crystals, it is possible to get some idea of the proportion of cumulus 
crystals to intercumulus material in some of the rocks of the Skaergaard intrusion. 
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When the original work was done the best estimate, using this principle, 
seemed to be 80 per cent of cumulus material and 20 per cent of intercumulus 
material (Wager & Deer, 1939, p. 127). In the bands containing only one cumulus 
mineral species, measurement of the poikilitic crystals gives a minimum value 
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Fic. 1. Diagrammatic representation of plagioclase cumulates formed from a gabbroic magma. 
A, extreme plagioclase orthocumulate. B, plagioclase mesocumulate. c, extreme plagioclase adcumulate. 


for the intercumulus material; to obtain a closer approach to the true value an 
estimate of the amount of the outer zone of the cumulus crystals, which also 
formed from the intercumulus liquid, would have to be included. Owing to the 
difficulty of deciding exactly the position of the boundaries between the unzoned 
and zoned parts of the crystals, there is no wholly satisfactory means of obtain- 
ing the true proportions of cumulus and intercumulus material. Simple packing 
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experiments, in water, with aluminium tablets of a shape comparable with the 
cumulus felspars in the lower part of the Skaergaard intrusion have shown 
that, if loosely accumulated, the amount of the cumulus material is about 
55 per cent and that shaking to improve the packing only increases the amount 
to about 65 per cent. 

The name orthocumulate is here proposed for a cumulate consisting essentially 
of one or more cumulus minerals together with the products of crystallization of 
the intercumulus liquid, which necessarily has the composition of the contem- 
porary magma. This is the definition of an extreme case, and is the simple con- 
cept originally used to explain the crystallization of the interprecipitate liquid in 
rocks of the layered series of the Skaergaard intrusion. Since that time study of 
other layered intrusions has shown that processes can occur which modify the 
over-all composition of the material crystallizing from the intercumulus liquid 
and we have found that some of these have operated in the case of the Skaergaard 
intrusion. So far as is known at present, examples of ideal orthocumulates are 
rare and it is suggested that the definition should be widened to include some 
degree of departure from the ideal (see below, p. 79). 

There is the possibility in cumulates, as mentioned above, that the first formed 
cumulus crystals may be made over to lower temperature solid solutions by 
reaction with the intercumulus liquid, a process which Bowen called continuous 
reaction. If carried to completion such reaction would produce unzoned crystals. 
Thus, if a layer consisted of cumulus plagioclase with 50 per cent of the contem- 
porary liquid, the ultimate composition of the plagioclase of the rock would be 
the average of the cumulus and the more acid plagioclase capable of forming 
from the intercumulus liquid. If, on the other hand, the cumulus at about the 
same horizon (i.e. with the same contemporary liquid) consisted of orthopyrox- 

-ene only, the plagioclase ultimately formed in the rock would be all from the 

_ intercumulus liquid and would be more sodic than in the first case. This making- 
over process does not seem to have been of much importance in the small and 
high-level intrusions of the Skaergaard and Rhum. In some of the layered rocks 
of Rhum the primary precipitate crystals and the poikilitic crystals round them 
are unzoned but their composition is not what would be expected on the con- 
tinuous reaction hypothesis and this case is considered later when the heterad 
type of cumulate is described. 

If cumulates occur in which the cumulus crystals were made over by con- 
tinuous reaction to homogeneous, lower temperature solid solution, then these 
would form a distinct type. The making-over process is one which would be 
greatly favoured by shearing stress acting on the crystal mush, a possibility 
alluded to in a recent address (Wager, 1958, pp. 10-11). It is there suggested that 
an effect of this sort, really a form of metamorphism, might well occur in very 
thick piles of rapidly accumulated primary precipitate as there would be an 
excess weight in the column of crystals over that in the column of liquid, giving 
a tendency for the crushing down of the lower part of the crystal column. 
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ADCUMULUS GROWTH 


Studies of the Stillwater layered intrusion by Hess (1939, and a paper in the 
press) and of the Rhum layered intrusion by Brown (1956) have shown that the 
simple conception of an intercumulus liquid crystallizing round the cumulus 
crystals does not satisfactorily account for certain of the rocks in these intrusions. 
In explaining some of the Stillwater rocks Hess (1939, p. 431) indicated in a pre- 
liminary way the need to postulate some degree of enlargement of the original 
cumulus crystals, at the same temperature as their original formation. It was 
suggested that this was effected by diffusion of substances from the overlying 
reservoir of magma through the intercumulus liquid to the growing crystals in 
the top layers of the precipitate, with a simultaneous diffusion of the unwanted 
material in the other direction. Hess considered certain changes in composition 
could be ‘correlated with the rate of accumulation of crystals. Where accumula- 
tion is slow, diffusion of material from the magma above, into and out of the 
interstitial liquid in the crystal mush on the floor, will tend to allow crystalli- 
zation in it of minerals having almost exactly the same composition as the 
settled crystals’ (Hess, 1939, p. 431). This diffusion mechanism was used by 
Brown (1956, pp. 14, 49) to explain various features of the layered series of 
Rhum, especially certain thin bands consisting of 99 per cent plagioclase, 
all essentially unzoned, which occur at or near the top of some of the rhythmic 
units. 

The exact way in which the cumulus crystals became enlarged by material of 
similar composition is still not certain, but it must have taken place at the same 
temperature as the formation of the cumulus crystals because of the similarity 
in the solid solution composition. By such growth the intercumulus liquid would 
gradually be pushed out. It would be expected that the enlargement of the top 
crystals of the pile would take place before those below and that such growth 
would eliminate the intercumulus liquid in the top layer and so prevent diffusion 
of material to lower levels. It seems probable that extension of the cumulus 
crystals at constant composition can only have taken place while they formed the 
uppermost layer of the pile; thus thick layers of such rocks must have formed 
very slowly. The term ‘adcumulus’ growth is proposed for the extension of the 
original cumulus crystals by material of the same composition, to give unzoned 
crystals. The adcumulus process, which gradually reduces the intercumulus 
liquid by mechanically pushing it out, may sometimes reduce the amount to 
vanishing point. Any part of the intercumulus liquid which is eventually trapped 
by further accumulation of crystals is here distinguished as the trapped liquid. 
When this has crystallized it will be described as the pore material. The trapped 
liquid will necessarily have had the over-all composition of the contemporary 
magma and thus the composition of the pore material must also be that of the 
contemporary magma. 
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ADCUMULATES AND MESOCUMULATES 


If adcumulus growth largely or completely eliminates the intercumulus liquid 
there will be little or no pore material, and it is suggested that the rock produced 
in this way with, say, less than 5 per cent. of pore material, be called an adcumu- 
late. Some of the rocks in the layered series in Rhum, e.g. the analysed allivalite 

















Fic. 2. Diagrammatic representation of an adcumulate, heteradcumulate, and harrisitic cumulate 
formed from gabbroic magma. Plagioclase, white; olivine, stippled ; pyroxene, cross-hatched. a, plagio- 
clase-olivine—augite adcumulate in which the three types of cumulus crystals are considered to have 
been enlarged by the adcumulus process until all the intercumuius liquid has been eliminated (cf. 
Fig. 1c). The boundaries of the cumulus crystals of plagioclase, olivine, and pyroxene are indicated 
diagrammatically by dotted lines. The material inside and outside the dotted lines has the same com- 
position. B, olivine heteradcumulate. Large poikilitic augite and plagioclase crystals, essentially un- 
zoned, are shown surrounding cumulus olivines. Adcumulus growth of the olivines is not indicated on 
the diagram. In this diagram it is assumed that there was no trapped liquid. c, olivine harrisitic cumu- 
late. All olivine shown has the same orientation and is essentially unzoned. The surrounding plagio- 
clase and pyroxene are also essentially unzoned and are considered to have been formed as in the 
heteradcumulates. 


and the felspar rock (Brown, 1956, p. 47 and Fig. 37; p. 37 and Fig. 38) and 
probably many of the rocks of the Bushveld complex, are adcumulates. As it will 
often be difficult to decide with any precision on the amount of the trapped 
liquid which eventually crystallized round the adcumulus crystals, it is suggested 
that the term ‘orthocumulate’ be used for those rocks in which adcumulus 
growth is not conspicuous and that the term ‘mesocumulate’ be used for rocks 
showing small amounts of pore material, while the term ‘adcumulate’ be used 
for those in which the pore material is inconspicuous or absent. A plagioclase 
mesocumulate formed from a gabbro magma is diagrammatically shown in 
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Fig. 1B and may be compared with the extreme orthocumulate of Fig. 14; both 
are shown as having the same amount of cumulus plagioclase. An extreme 
plagioclase adcumulate formed from gabbro magma, in which there has been 
complete elimination of intercumulus liquid, is shown diagrammatically in 
Fig. Ic. In this case there is no zoning of the plagioclase, and augite, olivine, 
iron ore, &c., are absent because of the complete pushing out of the inter- 
cumulus liquid. Another case (Fig. 24) which could well be a band adjacent to 
the previous example, is equally an extreme adcumulate, but the cumulus crystals 
were of three different kinds—plagioclase, olivine, and pyroxene. Again there is 
no zoning of the cumulus minerals, nor is there any iron ore or micropegmatite 
from any trapped liquid because, again, the intercumulus liquid is assumed to 
have been completely eliminated by the adcumulus growth. A photomicrograph 
of an actual example of this type of adcumulate, having three different cumulus 
phases, is shown in Fig. 4a. 

It has proved useful to have a name for the extreme type of cumulate such as 
orthocumulate or adcumulate. Rocks may then be described as approaching a 
pure orthocumulate or pure adcumulate in character. It is likely, however, that 
the pure types will be rare. There is some indirect evidence, for instance, that the 
lower layered rocks of the Skaergaard (Figs. 3 A, B) are not pure orthocumulates 
but have some adcumulus growth and certainly many of the Skaergaard upper 
layered rocks are mesocumulates, showing considerable reduction in the amount 
of pore material, although this was not realized in the original description. The 
formation of orthocumulates will be favoured by fast bottom accumulation of 
crystals. Adcumulus growth, on the other hand, must be favoured by relatively 
slow accumulation of the bottom precipitate, allowing time for enlargement of 
the crystals as they formed the top layer of the crystal pile. 
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HARRISITIC CUMULATES AND HETERADCUMULATES 


In the layered series of Rhum certain olivine-rich rocks have been interpreted 
as the result of upward growth of cumulus crystals of olivine as they lay at the 
bottom of the magma, forming the temporary floor (Wager & Brown, 1951; 
Brown, 1956, p. 10; Wadsworth, thesis, 1958). These rocks, described as having 
a harrisitic structure, consist of upstanding elongated olivines often exhibiting 
parallel growth and with scarcely zoned plagioclase and augite crystals in poiki- 
litic patches between them (Brown, 1956, Fig. 42 and diagrammatically shown 
here in Fig. 2c). Upward growth of cumulus crystals has been detected at one or 
two horizons in the Bushveld, and a rather similar structure, the so-called per- 
pendicular felspar rock, occurs in the Border Group of the Skaergaard intrusion 
(Wager & Deer, 1939, pp. 144—50) and in certain gabbros of Kungnat described 
by Upton (thesis, 1958). Enlargement of cumulus crystals but without the 
development of upward growth occurs in all adcumulates, and thus there is a 
close genetic connexion between the latter and the harrisitic cumulates. 

Some of the higher olivine cumulates on Askival and Hallival in Rhum 
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Fic. 3A. Plagioclase orthocumulate, lower layered series, Skaergaard intrusion. Intercumulus minerals 
include olivine, pyroxene, and iron ore. The cumulus plagioclase has been extended by lower tempera- 
ture zones, only apparent in cross-polarized light. Magnification x 7. 
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Fic. 3B. Plagioclase olivine orthocumulate, a band near the rock figured in a. Intercumulus minerals 
include pyroxene and iron ore similar to those in A. In this case extension of the cumulus olivine by 
material deposited from the intercumulus liquid is conspicuous. Magnification x 7. 
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consist of olivine grains surrounded in one place by poikilitic plagioclase and 
in another, only a centimetre away, by poikilitic augite (Brown, pp. 36-37). The 
poikilitic plagioclase and augite crystals, 2 or 3 cm across and alternating 
throughout the rock, clearly formed between the olivine grains; one or two 
thousand olivines may be enclosed in a single poikilitic crystal. The case is 
diagrammatically shown in Fig. 2B and an actual example in Figs. 5a, B. It is 
found that the poikilitic plagioclase and augite crystals are virtually unzoned 
and that their composition is essentially the same as that of the plagioclase and 
augite occurring as cumulus crystals in the layers just above or below. If the 
poikilitic plagioclase of this rock had resulted from the crystallization of trapped 
liquid as in orthocumulates or mesocumulates, it would have been more zoned 
and, on average, considerably richer in soda. If, on the other hand, the original 
cumulus olivine had been extended by the adcumulus process, then a pure olivine 
rock would have been formed, which seems to be the origin of the dunites of the 
Isle of Skye. Some new mechanism, therefore, has operated in the formation of 
the poikilitic crystals and we suggest that they have grown between the cumulus 
crystals, while they were at or near the top of the pile, as a result of diffusion of 
material to relatively rare crystal nuclei developed in the intercumulus liquid. The 
material for the growth of the poikilitic crystals must have come from the main 
bulk of the magma and not from trapped liquid as the crystals are unzoned and 
of the composition of the cumulus crystals in adjacent layers. Since plagioclase 
and pyroxene crystals do not occur as part of the cumulus, which is here only 
olivine, the material required for the growth of the poikilitic crystals could 
diffuse for a few centimetres without any tendency to be precipitated on crystals 
on the way. This case, therefore, differs from that of the adcumulates where en- 
largement of the cumulus crystals is regarded as having taken place while they 
actually formed the top surface of the pile. The diffusion mechanism suggested 
here results in the continued growth of both cumulus and poikilitic crystals at 
constant temperature until little or no pore liquid remains. The term ‘heterad- 
cumulate’, implying a complex form of adcumulus process, is proposed for this 
type of cumulate formation and the material formed by this process will be 
described as heterad material. A heteradcumulate may have the same composi- 
tion as an adcumulate with the appropriate variety of cumulus crystal phases, 
and thus a name linking this cumulate type to the adcumulates is appropriate. 
In the case figured (Fig. 2B) the composition of the final rock and, indeed, the 
texture, would have been much the same if among the cumulus olivine there had 
been evenly scattered a few cumulus plagioclase and pyroxene crystals about 
which adcumulus growth took place. One of the reasons for not accepting this 
as the origin of the Rhum examples is the textural one that there is a regularity 
about the centres of growth of the poikilitic heterad material which would be 
unlikely if the centres were discrete crystals laid down among the abundant 
cumulus olivines. 

The example from Rhum chosen to illustrate the conception of a heterad- 
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Fic. 4a. Plagioclase olivine augite adcumulate from 
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unit 10 of the ultrabasic layered series of Rhum. 
In contrast to the orthocumulates a and B, intercumulus iron ore is absent. The cumulus plagioclase 


(as also the olivine and augite) has been extended by adcumulus growth and in cross-polarized light 


no zoning can be detected. Magnification ~ 12. 
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ulate, upper part of unit 5 of the ultrabasic layered series of Rhum. 

In contrast to a there is no poikilitic augite or iron ore present, but only poikilitic olivine of heterad 
character and composition close to, or the same as, that of cumulus olivine in layers immediately above 
and below. The plagioclase is unzoned and in places in the same slide forms a plagioclase adcumulate 


like that illustrated in Fig. lc. Magnification x 12. 





Fic. 5a, B. Olivine heteradcumulate, from different parts of a rock occurring in the lower part of unit 

12, of the ultrabasic layered series of Rhum, an example corresponding to the diagram Fig. 2B. In a, 

the cumulus olivine is surrounded by plagioclase which is almost unzoned and from optical determina- 

tion has essentially the same composition as cumulus plagioclase of nearby layers. In B, which is from 

another part of the same thin section, the cumulus, olivine is surrounded by pyroxene. Magnifica- 
tion x 14. 
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cumulate is a common type in which the cumulus phase is olivine. In nearby 
rocks, however, the cumulates consist of plagioclase and rare chromite while 
olivine has developed as the heterad material (Fig. 4B). In the lower part of the 
Bushveld complex plagioclase heteradcumulates are present with ortho- and 
clinopyroxenes as the poikilitic crystals. 

In the harrisitic cumulates of Rhum the material between the elongated crystals 
consists in some cases of unzoned high-temperature crystals of plagioclase and 
augite and is thus essentially heterad in character. 

A variant in the crystallization of the heterad material has been noted at two 
or three levels in Rhum. In an olivine cumulate layer with poikilitic plagioclase 
and pyroxene, upward tapering crystals of poikilitic augite are found (Brown, 
1956, p. 33, and Figs. 20, 21). These provide visual evidence of the heterad 
upward growth postulated above. 

If we are right in our explanation of the heteradcumulates it is clear that, in 
the case considered, the olivine, plagioclase, and augite are all in equilibrium 
with the liquid. This is at variance with the previous suggestion by one of us 
(Brown, 1956, pp. 42-48) that a cumulus consisting only of olivine had formed 
because at this stage the temperature for the formation of plagioclase and 
pyroxene had not been reached. It seems likely that cumulus olivines without 
plagioclase and augite, were precipitated because of the easier nucleation of 
olivine (cf. Wager, 1959). Although in the main body of the liquid plagioclase 
and augite were not forming, the phases nevertheless developed in the inter- 
cumulus liquid, and some suppiementary hypothesis to account for their nuclea- 
tion is required. It may be that nucleation occurred in the confined space of the 
intercumulus liquid because considerable supersaturation of plagioclase and 
pyroxene resulted from the further growth of the cumulus olivine. Whether this 
be the explanation or not, once centres of heterad crystallization were established, 
growth continued by diffusion of the appropriate substances from the main body 
of magma to the site of crystallization. 


THE APPARENTLY ORDINARY TEXTURES OF SOME CUMULATES 


The fewer the number of different cumulus minerals in a rock, the greater the 
likelihood that its texture will reflect its origin: several of the illustrations in this 
paper have been in fact of cumulates consisting of only one cumulus mineral. 
With increasing numbers of different cumulus minerals, unusual textural features 
are less likely to be found. Thus, if an orthocumulate formed from a gabbroic 
liquid consisted of cumulus plagioclase, olivine, augite, and magnetite the 
crystallization of the intercumulus liquid would simply enlarge each of these 
crystals by zoning, and a normal gabbro texture would result. In the case of an 
adcumulate consisting of several different cumulus phases (Figs. 2a, 4A) the 
obvious textures will not suggest its especial origin unless the significance of the 
absence of zoning is appreciated. 
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NOMENCLATURE OF CUMULATES 


In rhythmically layered rocks, the assemblages of cumulus minerals in adjacent 
bands are often strongly contrasted and there is little to be gained by using for 
such rocks the more recondite names given by petrographers in the past who 
were not then in a position to understand their genesis. We suggest that it is 
preferable to name rocks which are cumulates by listing the cumulus minerals 
in order of decreasing abundance. Thus the lower layered rocks of the Skaer- 
gaard intrusion may be broadly described as gabbros or gabbroic cumulates 
and particular bands in them may be described as labradorite cumulates, 
labradorite-olivine-cumulates, olivine-pyroxene cumulates, labradorite-olivine- 
pyroxene cumulates, and so on. Such names do not replace general names like 
gabbro, olivine-gabbro, felspar-rich gabbro, norite, anorthosite, &c., but may be 
used to give greater precision when the rocks are known to be cumulates. 

Cumulates of general gabbroic composition must have formed from a magma 
of general dioritic composition, and similarly eucritic cumulates must have 
formed from gabbroic magma. Useful generalizations can be made about the 
composition of the magma which gives rise to bytownite, labradorite, and ande- 
sine cumulates. The composition of the other crystal phases in equilibrium, such 
as olivine and pyroxene, can be linked with the varying composition of the 
plagioclase. The composition of cumulates forming from various types of basic 
magma at successive fractionation stages will be considered in a subsequent 


paper. 
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Pseudoleucite in a Tinguaite from the Bearpaw 
Mountains, Montana 
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ABSTRACT 


The article presents chemical analyses of the pseudoleucite and groundmass of a pseudo- 
leucite tinguaite, chemical analyses of the principal minerals, chemical estimates of the mode 
of the groundmass, and both chemical and micrometric modes of the pseudoleucite. The prin- 
cipal minerals are hedenbergitic acmite, a nepheline containing 2:3 per cent Fe,O, and 7-9 per 
cent K,O, and K-feldspar containing a little BaO and very little Na,O. The micrometric mode 
of the pseudoleucite, in satisfactory agreement with the chemical mode, is nepheline 29-8 per 
cent, K-feldspar 66-2 per cent, acmite 3-0 per cent; the chemical mode of the groundmass is 
nepheline 26-8 per cent, K-feldspar 46-6 per cent, and acmite 26-7 per cent. A new analysis of 
a nepheline from the Bancroft area, made to test the analytical procedure, is also included. 


INTRODUCTION 


It has been clear for some time that significant further advance in our under- 
standing of the more complex rocks will require abundant quantitative data re- 
garding both the amounts of minerals they contain and the chemical compositions 
of these minerals. The first kind of information can often be obtained micro- 
metrically, but micrometric procedures are still of such uneven quality that 
intercomparison with chemical analysis is highly desirable. The second kind of 
information requires much careful and detailed analytical chemistry. It is most 
rewarding when pure mineral separates can be obtained from the rock, but with 
conscientious petrographic control much can be accomplished even with high- 
grade concentrates. 

A pseudoleucite tinguaite specimen collected by one of us seemed to provide 
an ideal opportunity for chemical-petrographic collaboration at all levels. The 
pseudoleucite patches or ‘wite-eyes’ can easily be analysed by normal micro- 
metric procedures. They can also be separated from the groundmass—though not 
quite as easily as we at first thought—and because of their simple mineralogy the 
micrometric mode can readily be checked against a mode calculated from the 
chemical analysis. Finally, the principal minerals of the white eyes can also be 
separated from each other rather easily, so that their compositions can be deter- 
mined chemically with a minimum of petrographic control. 

The groundmass is quite another story. It is so fine-grained that reliable micro- 
metric analysis is not possible, and every attempt to obtain a pure mineral 
separate from it in sufficient amount for analysis was unsuccessful. By close 
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chemical-petrographic collaboration we nevertheless finally arrived at what we 
regard as reliable estimates both of its modal composition and of the compo- 
sitions of its essential minerals. 

This second stage of the study was undertaken largely at the initiative of the 
senior author, and although at several points petrographic control was critical, 
the overwhelming bulk of the work was chemical. Our original objective was 
simply a comparison of micrometric and chemical modes. 


PETROGRAPHY OF THE ANALYSED SPECIMEN 


Since the excellent early papers of Weed & Pirsson (1896) very little has been pub- 
lished concerning the remarkable alkaline complex which underlies the Bearpaw 
Mountains. The United States Geological Survey has now virtually completed 
geological mapping of the complex, some preliminary maps have been released, 
and it is to be hoped that the area will soon receive the detailed study it merits. 

The specimen with which this paper is concerned was collected by the junior 
author during a brief visit to the area in 1957, under the guidance of R. Schmidt 
of the United States Geological Survey. It is from an east-west striking pseudo- 
leucite-tinguaite dike which lies about midway between Rocky Boy Peak and 
Elk Peak, in the northern half of section 29, T28N, RI6E, Warrick quadrangle 
(Pecora et al., 1957). 

Our specimen, of which only a single large piece weighing about 2 Ib was col- 
lected, is a dense fresh rock consisting of a deep green, fine-grained groundmass 
studded with irregularly distributed, usually equant or moderately elongate 
white patches about 1/2 to 1 cm in maximum dimension. Plate, fig. A, shows 
a typical thin section in plane polarized light. At first glance the patches appear 
rounded or even circular but on closer examination their margins almost always 
prove to be subangular. They are a far cry from sharp, clear-cut pseudomorphs, 
but their persistently equant habit and almost complete lack of prominent re- 
entrants make it difficult to dismiss them as rock fragments. 

One face of the specimen is coated by a coarse-grained nepheline syenite. 
Between this and the porphyritic tinguaite proper is an irregular zone of slightly 
coarser tinguaite completely free of white patches. The contact zone is further 
complicated by the fact that the syenite is itself layered, a layer consisting almost 
entirely of coarse nepheline and acmite separating an outer layer of almost pure 
feldspar from contact with the non-porphyritic tinguaite. 

The work described here is concerned with the dense, fine-grained tinguaite and 
the equant ‘white eyes’ it contains. As already noted, we cannot be entirely sure 
that the latter are true pseudomorphs. If they are rock fragments, however, they 
are certainly not derived from the syenite which coats one face of the specimen. 
In this syenite coating, nepheline and feldspar are both very coarse, and they 
are never intergrown; as we shall see shortly, an intricate perthite-like inter- 
growth of nepheline and feldspar, in which the nepheline is often exceedingly 
fine grained, is characteristic of the pseudoleucite patches. 
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The essential minerals of the pseudoleucite patches are nepheline, sanidine! 
and acmite. Sanidine is usually water clear and nepheline, too, is unusually fresh. 
In a few of the white patches, however, the sanidine is appreciably kaolinized, 
and in these the larger grains of nepheline are sometimes extensively replaced by 
an exceedingly fine-grained fibrous aggregate with a birefringence somewhat less 
than that of sericite. Because of its fineness and rarity we have been unable to 
identify this alteration. Near the margins of the white eyes sanidine sometimes 
contains prismatic needles of acmite about the size of those in the groundmass; 
it is otherwise free of inclusions. Nepheline, on the other hand, ordinarily con- 
tains numerous minute inclusions, both opaque and transparent. The latter have 
the index and sometimes the shape of acmite, but are usually so small as to be 
colourless in plane light. The maximum dimension of these inclusions is com- 
monly much less than the thickness of the slide, but because of their opacity or 
high relief they can be seen through a considerable depth of focus; their total 
amount is probably very small. 

In almost all of the white eyes some of the nepheline occurs in minute blebs or 
rods diffused in sprays and swarms through the sanidine (Plate, fig. B). If both 
members of this intergrowth were feldspar, it could justly be characterized as 
‘perthitic’; the adjectives ‘myrmekitic’, ‘micrographic’, or even ‘vermicular’ 
might be applied if the place of nepheline were taken by quartz. Similar inter- 
growths of feldspathoid in feldspar are of course well known from other alkaline 
rocks, both plutonic and volcanic (see, for instance, Shand, 1910; Tilley, 1957), 
but their genetic significance, if indeed they have only one, is unclear. 

Although the nepheline-sanidine intergrowth has been noted in almost every 
one of the more than 200 white eyes examined in thin section, it is not in a 
single instance the only habit of nepheline. The mineral occurs as single blocky 
prisms of about the same size as the sanidine crystals and haphazardly mixed 
with them, and also in clusters of sub- to anhedral grains, the clusters being con- 
siderably larger and their individual members somewhat smaller than the adja- 
cent sanidine crystals. 

The minute opaque and high-index inclusions already described occur through- 
out the nepheline, regardless of its habit or grain size. 

Acmite needles optically indistinguishable from those of the groundmass are 
common in the mantles of the white eyes, but they contain, as well, a sprinkling 
of acmite in well-formed crystals comparable in size to the smaller sanidine 
individuals. 

Both groundmass and pseudoleucite contain small amounts of a deep 


! We follow current Survey usage (Pecora et al., 1957) in naming the feldspar, though this is some- 
thing of a departure from earlier practice, in which the mineral is variously referred to as alkali- 
feldspar, orthoclase, anorthoclase, or, rarely, sanidine. The geological occurrence is certainly that 
properly associated with sanidine. By X-ray examination, MacKenzie (1954) found that a crystal from 
a nearby pegmatite was a mixture of triclinic and monoclinic material. In our specimen the mineral 
is optically negative with small but variable 2V, p > V, and appears monoclinic by X-ray powder 
spectrogram. 
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red-brown isotropic mineral of high index and cubic cleavage. The colour and 
index suggest melanite, pyrochlore or perovskite, but the cleavage is compatible 
only with perovskite. There are also occasional patches and isolated flakes of a 
platy mineral, evidently a member of the astrophyllite group, which we assume 
to be the same as the lamprophyllite described by Pecora (1942) from a nearby 
pegmatite. 

The groundmass contains the same minerals as the white eyes, but in very 
different quantity. Acmite is a principal constituent and, as the chemical work 
shows, feldspar is considerably less abundant. The perthite-like intergrowth of 
nepheline and sanidine, so prominent in the pseudoleucites, is not identifiable in 
the groundmass, in which both minerals occur only in small crystals or clusters 
minutely intergrown with acicular pyroxene. 

The white eyes in two sets of thin sections were analysed by point counter. In 
the first set 112 were encountered in 6 (stained) sections, in the second, 111 in 5 
(unstained) sections. In each set the total count length was about 1,800. The 
results are shown in Table 1. 
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TABLE 1 


Modes of white eyes in pseudoleucite-tinguaite specimen 








(A, 112 aggregates in 6 stained sections; B, 111 aggregates in 5 unstained sections; C, average of 
A and B) 
A B Cc 
Nepheline . ‘ 29-0 30-7 29-8 
Sanidine . ; 66:9 65-4 66:2 
Acmite. 3 3-3 2:8 3-0 
Others* . : 0-8 1-0 0-9 














* Chiefly perovskite and lamprophyllite. 


SAMPLE PREPARATION AND NOTES ON THE 
ACID EXTRACTION TECHNIQUE 


Our preliminary work was designed to permit comparison of micrometric and 
chemical estimates of nepheline content, the chemical estimate to be based 
primarily on acid extraction. Since the acid extraction technique is somewhat 
different from that in general use and our first comparison was largely vitiated by 
a sampling bias resulting from a strong grinding differential (see below), we 
describe here both the size reduction and acid extraction procedures finally 
adopted. 

To avoid overgrinding, contamination, and differential dusting losses, size 
reduction was by gentle tamping in an Ellis Mortar, with repeated siftings through 
bolting cloth in a closed sifting box. When the material passed 100 mesh it was 
thoroughly mixed by resifting through a somewhat coarser cloth. 

After considerable experimentation the following procedure was adopted for 
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the acid extractions. The sample is stirred actively for 5 min in a large volume 
(about 30 c.c./g) of 1:5 HCl at not more than 80°C and the supernatant 
liquid is decanted at once into a fritted glass Gooch crucible with thorough water 
washing. The acid digestion is repeated at least twice. (In trial runs evaporation of 
fourth or subsequent filtrates proceeded to dryness without development of 
appreciable Fe colour.) The residue is then transferred to the filter, washed 
thoroughly, and dried at 130° C to constant weight. 


TABLE 2 


Chemical analysis of York River nepheline 











Percentage 

SiO, . 43-33 
Al,O; 34-07 
Fe,0, 0-07 
CaO . 0-76 
Na,O. 15-94 
K 20 . 5 Py 56 
H ,O rr 0- 24 ° 
H,O- 0-05* 
Residue 0-31 

Total 100-33 








* Determined on a separate sample. 


The conditions of the procedure are such as to reduce or eliminate the possi- 
bility of local heating and consequent gelatinization, and thereby obviate the need 
for the sodium carbonate wash which is now nearly standard in extractions of this 
type. It seemed desirable to avoid this step because we were obliged to work with 
small samples and it was essential that both acid extract and insoluble residue be 
suitable for analysis. 

Table 2 shows the result of an acid extraction carried through in the fashion 
just described on a previously unanalysed specimen of nepheline from a pegma- 
tite near the East Road crossing of the York River, east of Bancroft, Ontario. 
The principal constituents of the residue are zoisite and oligoclase and it con- 
tains, as well, a little green biotite. Not a single grain was clearly identifiable as 
nepheline, though there were a few colourless grains in the right index range 
which could not be clearly identified as oligoclase. No free or ‘released’ silica 
was seen; if any was present the amount must have been exceedingly small. 
Filtrates from acid extractions of this type remain crystal clear for months if held 
at appropriate dilution and acidity. 


CHEMICAL COMPOSITION OF WHITE EYES 


In order to avoid differential losses during grinding and sizing, white eyes were 
individually cobbed from small chips of the groundmass under low magnifica- 
tion. About 125 were collected for each of three samples, the picking, which 
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required about 3 days, being checked regularly by inspection of the product 
under a binocular microscope. Analyses of the crushed product as well as of the 
portions soluble and insoluble in HCl are shown in columns A of Table 3.1 
The amounts soluble in and recovered from the acid are given in the first three 
columns of Table 4. 


TABLE 3 


Chemical analyses of white eyes (A) and groundmass (B) 














II. Portion soluble Ill. Portion insoluble 
I. Entire sample in HCI in HCI 

A B A* B* At Bt 

SiO, 57-42 54-28 40-9 41-0 63-81 59-04 
Al,O; 21-85 17-58 32:9 32:8 17-43 12-41 
Fe,O, 1-70 6-99 2:3 2-4 1-44 8-41 
FeO —t 0-97 —t —} —} 1-35 
TiO, 0-24 0-80 0-1 0-1 0-28 1-06 
CaO 0-19 1-37 0-3 0-6 0-12 1-59 
MgO 0-07 0-70 0:2 0-06 0-86 
BaO 0-28§ 0-66§ none none 0-33 0-92§ 
MnO 0-03 0-11 — 0-04 n.d. 0-12 
Na,O 4-78 6°85 15-7 15-3 0-80 3-70 
K,O 13-40 9-53 79 76 15-60 10-48 
H,O* 0-27 0-23 — — —|| —_) 

H,O- 0-03 0-02 —_ = a =e? 
Total 100-26 100-09 — — 99-87 99-94 
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* Recalculated to 100 per cent from average values shown in Table 4 which includes detailed 
analyses by weight. 
+ Insoluble portion caught on a weighed fritted glass Gooch crucible and dried at 130° C. 
t Looked for but none found. 
§ Flame test indicates the presence of a small but unknown amount of SrO. 
H,O less than 0-01 per cent. 


Repeated tests showed that the sanidine, lamprophyllite, acmite, and perovs- 
kite of the specimen were all unaffected by the acid extraction. (Acmite was 
ground to —200 mesh before the solubility test.) Since nepheline is the only 
mineral of the white eyes dissolved by this treatment, the average weight loss of 
28-2 per cent shown in Table 4 is to be regarded as a check on the 29-8 per cent 
(by volume) given in Table | as the average nepheline content by micrometric 
analysis; the agreement is quite satisfactory in view of the fact that the count- 
ing error alone of the latter result is about | per cent, and both optical and 
chemical estimates are subject to some sampling variance. 

Columns B of Table 3 and the right half of Table 4 show analogous informa- 
tion for the groundmass. Groundmass samples were also obtained by hand cob- 
bing, with frequent check under a binocular microscope. Columns II A and II B 

’ As far as possible analytical procedures given by Hillebrand ef al. (1953) were used throughout; 


because of the small size of the samples and expected yields all of the operations were carried through 
in much-reduced volumes, with recoveries, where necessary, from the filtrates. 
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of Table 3 are essentially nepheline analyses (see base of Table 6 for normative 
statements) but in two respects require brief further mention. 

It is our belief that the ferric oxide shown in these analyses is actually present 
as a constituent of the nepheline, probably proxying for alumina. In addition to 
the evidence already cited concerning the insolubility of the other minerals in 
the acid extraction and the almost identical compositions of nepheline in 
groundmass and pseudoleucite, there is the circumstance that the molar 
balance of the analyses is very good if the Fe,O, is included and rather poor 


TABLE 4 


Weight lost to and recovered from hydrochloric acid extractions of white 
eyes and groundmass 








White eyes | Groundmass 
Average Average 
(g) (g) (g) (g) (g) (g) (g) 
Weight of sample. ‘ . | 0-5000 0-5000 1:0000 1:0000 1-0000 
Weight of sample lost to acid . | 0-1448 0-1368 | 0-1408 | 0-2693 0-2659 0-2697 | 0:2683 
Weight of sample recovered from 
acid . 0-1460 0-1363 | 0-1412 | 02665 0:2616 0-2655 | 0-2645 


Weight per cent soluble in acid . |(28-96) (27:36) (28-2) (26-93) (26:59) (26:97)  |(26-83) 
Weight of constituents recovered: 





SiO, . . .  .  .{| 00593 00560 | 00577 | 0-1089 01077 0-1090 | 0-1085 
AlO,. . .  .  . | 00482 0-0446 | 0-0464 | 0-0875 0-0853 00-0878 | 0-0869 
Fe0,. . .  .  . | 0:0034 0-0032 | 0-0033 | 0-0066 0-0061 0-0063 | 0-0063 
TiO, . . .  .  . 4.00002 0-0002 | 0-0002 | 0-0003 0-0003 n.d. | 00003 
cao. .  .  . ~~ . | 0-:0004 0-0004 | 0:0004 | 0-0013 00017 0-0017 | 0-0016 
SDS ako Sw Gort ae ae ae os — |00004 nd. 0-0005 | 0-0005 
Be 3 EoD Sh sto — | 00001 0-0001 0-0001 | 0-0001 
NaO. . .  .  . | 00229 0-0212 | 0-0221 | 0:0406 0-:0407 0-0403 | 0-0405 
KO . . .  .  . {| 00116 00107 | 0-0112 | 0-0208 0-:0197 0-0198 | 0-0201 
Total recovered . . | 01460 01363 | — | 0:2665 0:2616 0-2655 

















if it is excluded.' Finally, the analysis of a third sample, from which most of 
the known Fe-bearing minerals had been removed by electromagnet, agreed 
very well with II A and II B; in particular, the Fe,O, content of the acid 
soluble portion was 2:2 per cent. 

In the three groundmass samples, as indicated in Table 4, the weight of 
material recovered from the acid was consistently less than that lost to the acid, 
the average difference being somewhat larger than the H,O* of the entire 
groundmass. This suggests that appreciable amounts of a felspathoid other than 
nepheline are removed by the acid, but close microscopic examination of the 
groundmass has so far provided no evidence in favour of this suggestion. Con- 
sidering that the ‘weight recovered’ is actually the sum of nine determinations, 


? If ferric oxide is included with alumina, the nepheline of our pseudoieucite calculates to within 
analytical error of the 1:1:2 stoichiometric ratio. That this is not merely a consequence of omitting 
the customary sodium carbonate wash of the insoluble residue is indicated by the analysis shown in 
Table 2, which calculates to the Morozewicz composition. The presence of ‘excess silica’ (or ‘deficient 
alkalis’) will be detected by the analytical procedure described in the preceding section. 








~ — AS 








Ss? 









EOS 


Te 


ELT 





PSEUDOLEUCITE IN A TINGUAITE 93 


the size of the average difference (about 4 mg) is not large. The fact that the in- 
dividual differences are of the same size is suggestive but not persuasive. 

The lower part of Table 4 is included not only to show that a very satisfactory 
measure of agreement has been attained, but also to remind the reader that the 
quantities involved are small and the results must not be pushed too far on a 
percentage basis. 

TABLE 5 


Analyses of acmite and feldspar concentrates from groundmass 











Acmite Feldspar 
concentrate | concentrate 
SiO, 49-32 63-22 
Al,O, 2:37 17-83 
Fe,O, 22:24 1-43 
FeO 3-50 —* 
TiO, 3-54 0-21 
CaO 5-20 0-26 
MgO 2:64 0-13 
BaO — 1-20T 
SrO 0-29t —_ 
MnO 0-41 0-015 
Na,O 9-80 0-81 
K,O 0:46 15-15 
H,O <7 —4§ 
Total 99-77 100-26 











* Amount of feldspar available for the determination of this constituent was only about 100 mg. 

+ Flame test revealed the presence of a very small but unknown amount of SrO. 

t Flame test revealed the presence of a very small but unknown amount of BaO. It is quite possible 
that the SrO is in the lamprophyllite (see Pecora). 

§ Barely detectable by Penfield method; its presence as an essential constituent is doubtful. 


COMPOSITIONS OF NEPHELINE, FELDSPAR, AND PYROXENE 


In order to obtain concentrates of pyroxene and feldspar from the groundmass 
a large sample (20 g in lots of about 3 g each) was extracted with acid in the 
fashion described, with agitation by magnetic stirrer, and the insoluble residue 
deslimed by elutriation. The dried sand, free of dust but mostly very fine because 
of the acid extraction,' was next subjected to prolonged treatment with heavy 
liquids. In this way we finally managed to prepare the pyroxene and feldspar 
concentrates whose analyses are shown in Table 5. The acmite concentrate con- 
tains about 2 per cent perovskite, while the sanidine concentrate, though free of 
perovskite, contains acicular acmite intergrown with feldspar. (Lamprophyllite 
was not found in the feldspar concentrate and amounts to about 0-7 per cent in 
the acmite concentrate.) The perovskite content of the acmite concentrate is 
estimated from a fragment count; extracting 2 per cent of CaTiO, from column 
1 of Table 5 leads to column 5 of Table 6, our final estimate of the composition 


Apparently the acid extraction liberates finely divided feldspar and acmite intergrown with nephe- 
line. 
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of the groundmass pyroxene. On the assumption that all the iron in columns 
lil A of Table 3 and 2 of Table 5 is contributed by an acmite of the composition 
shown in the last column of Table 6, subtraction of the indicated amounts from 
these analyses yields the results shown in columns 3 and 4 of Table 6, our final 
estimates of the composition of feldspar in white eyes and groundmass. Columns 
1 and 2 of Table 6, taken from II A, B of Table 3, are final estimates of the com- 
position of nepheline in groundmass and white eyes. it will be noted that the 


TABLE 6 


Essential minerals of white eyes and groundmass 






































| Acmitic 
Mineral: Nepheline Feldspar Pyroxene 
Source: White eves Groundmass White eves Groundmass Groundmass 
Analysis: ILA 1B ILA Col. 2 Col. | 
Table 3 Table 3 Table 3 Table 5 Table 5 
siO, 40-9 41-0 64-5 63-77 | 50-45 
Al,O, 32-9 32:8 18-3 18-65 2:42 
Fe,O, 2:3 2-4 — — 22:75 
FeO n.f. n.f. — — 3-58 
TiO, 0-1 0-1 0-2 0-08 2-41 
CaO 0-3 0-6 — — 4-47 
MgO n.f. 0-2 — — 2:70 
BaO n.f. n.f. 0-3 1:24 - 
SrO — — — —- 0-30 
MnO n.f. 0-04 — — 0-42 
Na,O 15-7 15-3 0-3 0-28 10-02 
K,O 7-9 7-6 16°5 15-94 0-47 
norm* (°%) norm* (°%) norm (%) norm (%) norm (%) 
ne = 71-9 ne = 70-1 or = 97-2 or = 94-1 ac = 65:8 
kp = 266 kp = 25-6 ab= 2:3 ab 2:6 jd 9-6 
an= 1-4 an= 4-5t ce= 09 ce 3-0 hd 13-8 
pf 3-3 
en 6:7 ) 
TiO, 0-5 }t 
sro = 0-4) 
* Iron included with alumina; note absence of excess silica. 
+ Magnesia included with lime. 
~ The en, in part, TiO., and SrO may be contributed by the lamprophyllite. 


essential constituents of the nephelines are virtually identical except for CaO and 
that the only important differences between the feldspars are generated by the 
difference in BaO content. Maximum refractive index of the groundmass sanid- 
ine is slightly higher than that of the white eye sanidine, a difference consistent 
with the BaO analyses. 


CHEMICAL ESTIMATES OF MODES 


Although the various mineral separations were not sufficiently sharp to permit 
a reconstruction of the mode which would include minor constituents—chiefly 
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perovskite and lamprophyllite—estimates of the ratios of major minerals are 
easily reached from the data of Tables 3 to 6. 

1. White eyes. 28-2 per cent of the sample is extracted by acid; this is nepheline 
of the composition shown in the first column of Table 6. The insoluble residue 
(analysis III A, Table 3) contains 1-44 per cent Fe,O,; if this were the total iron 
of an acmite of the composition shown in the last column of Table 6, the residue 
would be 5-4 per cent acmite. The remainder would be sanidine of the composi- 
tion shown in column 3 of Table 6. Since the residue is 71-8 per cent of the 
sample, the estimated mode of the white eyes is: 


Nepheline 28-2 per cent 
Sanidine 67-9 per cent 
Acmite 3-9 per cent 


a result to be compared with the average micrometric mode shown in the last 
column of Table 1. The agreement is obviously satisfactory. 

Agreement of this calibre was not obtained in our preliminary results (see 
Zies & Chayes in Abelson, 1958, pp. 204-6) in which only 21-1 per cent of the 
sample weight was recovered from the acid extract. Since the extraction technique 
had already been carefully tested, suspicion centred on modal analysis and on 
the procedure by which the analytical sample had been obtained. A fragment 
count of the sample used for chemical analysis showed that it contained far less 
nepheline than had been found in the thin section mode. The trouble was finally 
located in a sizing step which preceded magnetic concentration. Much of the 
nepheline is exceedingly fine and was apparently removed by the sizing. We did 
not separate enough material to test this directly, but the agreement between the 
micrometric mode and the chemical mode calculated above from analytical data 
for our hand-sorted sample provides strong confirmation. 

2. Groundmass. 26-8 per cent of the sample is extracted by acid; this is nephel- 
ine of the composition shown in the second column of Table 6. Distributing the 
SiO,, Fe as Fe,O,, Al,O,, Na,O and K,O of analysis III B, Table 3, between 
feldspar and acmite of the compositions shown in columns 4 and 5 of Table 6 
yields average values of 63-6 per cent sanidine and 36-4 per cent acmite in the 
insoluble residue. Since the residue is 73-2 per cent of the sample, the estimated 
mode of the groundmass is: 


Nepheline 26-8 per cent 
Sanidine 46-6 per cent 
Acmite 26-7 per cent 


DISCUSSION OF RESULTS 


Conclusions bearing on methodology are obvious, and need only brief sum- 
mary. Although the demonstration has required an astonishing expenditure of 
time and effort, occasioned largely by difficulties encountered in sample prepara- 
tion, it is encouraging to discover that the micrometric technique is essentially 
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sound for intergrowths as complex and varied in fabric as those of our pseudo- 
leucite. Where the micrometric procedure is applicable, a very considerable 
economy could be effected by using it to establish modal composition and re- 
serving chemical analysis for mineral separates, which can often be prepared in 
high purity where there is no necessity to obtain complete recovery. In our case, 
for instance, with the usual rejection of undersize material and any of a variety 
of mechanical beneficiation procedures, an exceedingly pure sanidine could have 
been obtained from the white eyes. The amounts of nepheline, sanidine, and 
acmite would thus be estimated optically, their compositions chemically, and the 
bulk composition of the white eyes by a combination of these results. 

The advantages of this arrangement for the investigation of sampling varia- 
tion are evident, and the suggestion is of course not novel (see, for instance, 
Engel & Engel, 1958, p. 1382). Studies of field variation in bulk composition, of 
great potential value, may be only reasonably expensive if a combined chemical- 
petrographic technique is applied. From their scarcity in the petrographic record 
it may justly be inferred that they are almost always prohibitively costly where 
the only reliable quantitative data are to be obtained by direct chemical analysis. 

As to the more general question of the origin of pseudoleucite, analytical data, 
however complete, regarding a single specimen hardly provide a firm basis for 
speculation. It is worth noting, however, that in some important respects our 
data are compatible with Bowen’s (1928, pp. 240-57; 1937) hypothesis based 
upon the incongruent melting of leucite in the system KAISiO,-NaAlSiO,-SiO,. 
The white eyes in our specimen are not sharply euhedral as they sometimes are 
elsewhere in the Bearpaws, but Bowen argues that extensive reaction between 
leucite and magma would tend to obscure or even destroy the crystal outlines 
of the former. Bowen’s argument implies that reaction would continue, if 
permitted, until the phases common to ‘ pseudomorphs’ and liquid had the same 
composition in each. This in fact would be one criterion that equilibrium had been 
attained. For the components considered in Bowen’s argument this is true of 
our specimen to the limits of analytical error. 

In formulating the hypothesis, Bowen confined his discussion to what he later 
termed * petrogeny’s residua system’, but the rocks in which pseudoleucites have 
so far been found refuse to abide by this rule. Older evidence bearing on 
the matter is admirably reviewed by Osann-Rosenbusch (1923, pp. 286 and 
318-19). In the classic localities—Magnet Cove, the Highwood and Bearpaw 
Mountains, Pocos de Caldas, Sierra de Tingua, Serra de Monchique, Bezavona, 
Lachersee, Spotted Fawn Creek, Oberwiesental—the host rock is nearly always 
tinguaite, rarely shonkinite or monchiquite. Information from the Shansi 
occurrence recently described by Yagi (1954) as well as from restudies of the 
Highwood locality (Larsen & Buie, 1938) and of material from Assynt (Tilley, 
1958) confirm this association. 

The host rock in which pseudoleucite occurs contains much iron and the 
mineralogical expression of this iron must critically influence the character of the 
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feldspar-feldspathoid assemblage. In most of the pseudoleucite occurrences of 
which descriptions are available the principal ferromagnesian mineral is acmite, 
so that the feldspar-feldspathoid assemblage must be relatively more potassic 
(han the rock as a whole. Our specimen is perhaps a rather extreme example of 
this tendency. Pyroxenes which would scarcely influence the K,0/Na,O ratio 
and micas which would reverse the relation between alkali-ratio in rock and 
feldspar-feldspathoid assemblage are prominent associates of leucite but rarely 
accompany pseudoleucite. A pseudoleucite hypothesis confined to *petrogeny’s 
residua system’ is obviously not equipped to rationalize effects of this kind on 
alkali partition. 

The principal petrographic support of Bowen’s pseudoleucite hypothesis is 
the fact that in ‘petrogeny’s residua system’ the available pseudoleucite analyses 
project near a line joining the leucite composition point with the ‘pseudoleucite 
reaction point.’ It is therefore of considerable interest that the mode of our 
pseudoleucite actually falls closer to this line than do any of the analyses avail- 
able to Bowen. The significance of this line (see Bowen & Ellestad, 1937, pp. 412- 
13) hinges upon the inference that the composition of the liquid with which the 
leucite crystals are reacting would plot at or near the pseudoleucite reaction 
point; the composition of the groundmass of our specimen, however, plots close 
to that of the pseudoleucite, and both are remote from the pseudoleucite reaction 
point. Bowen’s hypothesis is the first major advance toward a satisfactory theory 
of the origin of some pseudoleucites; in itself it is not, in our opinion, such a 
theory. 

Larsen & Buie (1938) have suggested, with excellent evidence, that the primary 
phase of the Highwood Mountains ‘pseudoleucites’ was potassic analcime 
rather than leucite. On the basis of some recent experimental work, of which 
only an abstract (Fudali, 1957) has so far been published, Tilley (1957) infers 
that this may often be the case. To this budding controversy information con- 
cerning our Bearpaw specimen contributes very little. The similarity of 
nepheline-sanidine pairs in groundmass and white eyes is evidence of a 
reaction so extensive as to render questions about the water content of the 
original phenocrysts highly academic. 
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EXPLANATION OF PLATE 


Fic. A. Thin section in plane polarized light. Maximum dimension of composite (?) pseudoleucite 
in centre of field is 1 cm. Dark areas in white spots are acmite or, rarely, lamprophyllite or perovskite. 
Dusty areas are nepheline or perthite-like intergrowths of nepheline in sanidine. Clear areas in white 
eyes are sanidine: note incomplete mantles of sanidine. 


Fic. B. Same field as Fig. A under x-polarized light showing nepheline-sanidine intergrowths in 
white eyes. 
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ABSTRACT 

Banded gneisses are of diverse origins. A possibly theoretically inclusive genetic classifica- 
tion is proposed. 

Criteria that may serve to aid distinction between possible geneses are given and their 
applicabilities discussed and evaluated. It is emphasized that conclusions concerning origins 
of multilithic rocks such as banded gneisses must take into consideration the origins of all 
constituent units. 

On the basis of an intensive investigation of banded gneisses of the Randesund area of 
south-eastern Norway; cursory examinations of banded gneisses from southern Finland, the 
northern Pyrenees of France, the south-western Black Forest of Germany, Orn6 Huvud of 
eastern Sweden, and two ‘root zone’ areas of the southern Alps of Switzerland; and a review 
of the geological literature concerned with banded gneisses the following conclusions are 
made. (1) The banding of nearly all banded gneisses reflects directly or reflects formation con- 
trolled by supracrustal layering; (2) some banded gneisses may reflect formation controlled 
by structural features such as cleavage; (3) some banded gneisses could have been formed by 
lit par lit injection (controlled by (1) or (2)); and, (4) presently observable banding of many 
banded gneisses is probably hybrid in that after it was formed originally it was subsequently 
modified (commonly accentuated) as the result of differential anatexis, permeation, metamor- 
phic differentiation, differential cataclasis, or some combination of such processes. 


INTRODUCTION 
General statement 


Many areas, especially of the southern Fennoscandian Precambrian Shield, 
have been mapped geologically as being underlain by ‘banded gneisses’.? In 
accompanying texts the rocks have been termed not only banded gneisses but 
also arterites, venites, phlebites, stromatites, veined gneisses, composite gneisses, 
mixed gneisses, permeation gneisses, injection gneisses, and banded migmatites. 
Chiefly because some of these banded gneisses contain bands of granitic or near- 
granitic composition the rocks have gained prominence in the petrological litera- 
ture concerned with the problems of how granites may be formed. This, despite 
the fact that the little information that has been published about such rocks has 
been extremely restricted so far as spatial and/or topical coverage is concerned. 

In an attempt to help fill this near void, banded gneisses which are especially 
well exposed in the Randesund area of southern Norway were studied in detail 
both in the field and in the laboratory and, subsequently, banded gneisses 
from famous localities in five other western European localities were cursorily 


1 Present address: Virginia Polytechnic Institute, Blacksburg, Va., U.S.A. 

? Although band(ed) is a two-dimensional designation, banded gneiss is too ingrained in geological 
literature to be changed merely for the sake of etymological correctness. The form band is also used to 
designate a unit of a banded gneiss. 
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examined. During the investigation a classification for banded gneisses was formu- 
lated and numerous criteria that may aid determination of how any given gneiss 
was formed were compiled and evaluated. This paper consists chiefly of a pre- 
sentation of the classification, the criteria, a summary statement concerning the 


gneisses examined, and general conclusions concerning the origins of banded 
gneisses. 


Definitions 


The following terms, for which no definitions have universal acceptance, are 
defined as used in this paper. The terms are listed alphabetically to facilitate 
reference. 

BANDED GNneEISS. A layered metamorphic or composite rock the layering of 
which is dependent upon the alternation of layers which differ markedly in 
compositions and/or textures. The thicknesses of individual layers rarely 
exceed a few meters. 

Composite GNEIsS. This term is used to designate gneisses which, at one 
time, consisted of materials of at least two different phases. 

Ectectite. A migmatite, the magmatic portion of which was developed by 
exudation or essentially in situ anatexis. 

GRANITIZATION. Any process or group of processes involving entry and 
exit of material and by which solid rock is converted to a granitic rock with- 
out passing through a magmatic stage. 

INJECTION GNEISS. A migmatitic, commonly banded, gneiss the banding of 
which is at least partly dependent upon interlaminar injection of granitic 
magma into previously foliated rocks (this is essentially synonymous with 
lit par lit gneiss). 

MAGMA. Rock material which is really or potentially mobile because of 
the presence of a liquid phase with the composition of a silicate melt. Consoli- 
dation of the silicate melt phase results in the formation of igneous rock. 
(Obviously, according to this definition many rocks formed as the result 
of such processes as the anatexis, agmatization, metatexis, palingenesis, 
rheomorphism, syntexis, and even the granitization and ultrametamorphism 
of some writers would be included.) 

METABLASTESIS. Relatively high-temperature, essentially in situ molecular 
rearrangement, i.e. recrystallization not involving long-distance transfer of 
materials. 

METAMORPHIC DIFFERENTIATION. Mechanical and/or chemical redistribu- 
tion of minerals and/or mineral constituents as the result of metamorphic 
processes. 

METASOMATISM. Chemical replacement, i.e. introduction (and removal) of 
material(s). 


MIGMATITE. A composite rock seen megascopically to consist of igneous 
and metamorphic materials. 
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PERMEATION GNEISS. A gneiss, commonly banded, that consists in part of 
materials introduced by percolating hydrous solutions, gases, molecules, or 
ions. 

SUPRACRUSTAL. This adjective is used to refer to all rock units deposited at 
the surface of the earth. It is preferable to ‘sedimentary’ because it includes 
pyroclastic deposits and lava flows. 


Previous literature and classification 


Numerous widespread occurrences of ‘banded gneisses’ have been reported 
in the geological literature. Some notable examples, listed by general locality and 
reporter(s), are: Canada—Quirke (1931); Finland—Edelman (1949), Eskola 
(1933), Harme (1958), Kranck (in Wegmann & Kranck, 1931), Sederholm (e.g. 
1907, 1923, 1926, 1934), Seitsaari(1951), and Vaasjaki (1953); France—Guitard 
(e.g. 1955), Michel-Levy (e.g. 1879, 1887), Raguin (1938), and Zwart (1954); 
Germany—Erdmannsdérffer (e.g. 1938, 1939), Hoenes (e.g. 1940, 1948), Mehnert 
(e.g. 1953, 1957), and Wager (e.g. 1935, 1938); Greenland—Wegmann (1938); 
Ireland—Cole (1902); New Zealand—Turner (1941); Norway—Barth (e.g. 
1933, 1945), A. Bugge (1928), C. Bugge (1918), J. A. W. Bugge (1943), and 
Goldschmidt (1920); Scotland—Cheng (1943), and Read, Ross, & Phemister 
(1925); Southern Rhodesia—Mennell (1906); Sweden—Hé6gbom (1910), Holm- 
quist (e.g. 1907, 1921), Ljunggren (1957), Lundegardh (1951), Sundius (1938, 
1948), and Wenk (1937); Switzerland—Gutzwiller (1912), Huber (1943), and 
Wenk (e.g. 1951). 

As previously noted, the gneisses have been designated by such diverse terms 
as ‘arterites’, ‘venites’, &c. Although only the papers of Wenk (1937) and 
Ljunggren (1957) were concerned chiefly with the possible origins of the banded 
gneisses studied, nearly all of the above-cited workers expressed opinions as to 
how the gneisses they observed may have been formed. 

The suggested modes of origin for banded gneisses may, in the author’s opinion, 
be placed into three general categories to which a fourth group of eclectic hypothe- 
ses can be added for the sake of completeness. Theoretically at least, the banding 
may represent (1) primary banding that has persisted through metamorphism, 
(2) alternations of residual and introduced or state-changed materials, and (3) 
metamorphically differentiated materials. As is readily apparent, just as is true 
in nearly all classifications of natural systems, some banded gneisses straddle 
each of the borderline areas of the scheme. For example, rocks placed in the 
first category by some geologists might be put in the second or even in the third 
by other geologists because of differences in opinions as to what constitutes 
restrictions on the distance of migration of materials for metablastesis versus 
chemical metamorphic differentiation versus metasomatism. 

However, the categories must be subdivided if they are to serve any purpose. 
The following, which is admittedly somewhat inconsistent taxonomically, is 
suggested : 
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Relict 
Igneous banding 
flow 
differentiation 
segregation 
Supracrustal stratification 


Composite 

Migmatization 
lit par lit injection 
differential melting 

Permeation 
hydrothermal activity 
pneumatolysis 
molecular and ionic diffusion 


Metamorphically differentiated 
Mechanical redistribution 
Chemical redistribution 


Eclectic 
Combination processes 


CRITERIA OF GENESES 
General statement 


It is especially important when considering rocks so multilithic, and commonly 
multigenetic, as banded gneisses to realize that even unequivocal proof of the 
origin of any given layer or group of layers of one type constitutes only part of 
the picture so far as origin of the overall unit. Furthermore, whereas most genetic 
interpretations will represent the simplest logical sequence that the reporting 
investigator can deduce that fit all (or most) data, it must be realized that perhaps 
some highly complicated, completely ad hoc sequence actually obtained ; perhaps 
even one involving processes not presently known. 

The following list includes what are, in the author’s opinion, the most useful 
criteria for determining the genetic histories of banded gneisses. Qualifying 
remarks are included where deemed advisable. References have been held to a 
minimum in this section: most of the suggested criteria, because of development, 
modifications, and ramifications, are difficult to attribute as original to any 
worker(s). The order of presentation follows the classification given above. 


Relict: Igneous 
(Of primary importance is proof of igneous origin for all members of the 


banded gneiss being considered. To anticipate, to the present no banded gneiss— 
unless the designation is applied so loosely that cases like the Bushveld complex 
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layering are included—has been found, reported, and accepted by subsequent 
workers as belonging to this category.) 

1. Glass indicates the former presence of silicate melt. However, the spatial 
and/or petrographic relationships must be such that pyroclastic glass fragments 
are excluded. 

2. Amygdules, spherulites, variolites, and vesicles occur only in igneous rocks. 
Again, however, so far as considerations in this paper are concerned it is im- 
portant that these are common in supracrustal as well as in some intrusive 
igneous rocks. 

3. Miarolitic cavities occur in some medium and coarse grained igneous rocks. 
In some cases it is impossible to distinguish definitely between miarolitic cavities 
and partially filled veins. 

4. Geothermometers (see review article of Ingerson, 1955) may indicate that 
their enclosing rock was above or near its melting temperature. Many questions 
arise concerning the true value of nearly all presently known geothermometers 
that are likely to occur in the common components of banded gneisses. For 
example, the Ab in alkali feldspar:Ab in plagioclase ratio geothermometer 
(e.g. Barth, 1956) is discussed by Dietrich (1959c) who concludes that at best it 
measures only the last temperature at which equilibrium among Ab, An, and 
Or was attained—a temperature that may have been much lower than the highest 
temperature attained by the rock material under consideration. The validity of 
the albite : potassium-feldspar ratio in perthite geothermometer (Bowen & Tuttle, 
1950) also has been questioned and discussed (see summary in Dietrich, 1954, 
pp. 522-3), and the decrepitation method (Scott, 1948) has met with many 
criticisms (e.g. Cameron et a/., 1953) which to the present have not been dis- 
pelled by further reported investigations. Some suspicion can be removed where 
more than one independent geothermometer of the same rock indicate the same 
general temperature range. Also of importance with regard to this listing is that 
determinations of melting-points of rocks are neither above criticism nor as 
complete as they should be for necessary considerations. Of special importance 
are such basic questions as the relationship existing between melting temperature 
and anatectic attainment of a magmatic stage by a rock, and the real differences 
between artificial and natural conditions and systems. Nonetheless, the author 
feels that so long as all known contingencies are kept in mind such geothermo- 
meters may serve the purpose of at least suggesting general temperature ranges 
through which their enclosing rock once passed. In any case, probably temperature 
of magmatic magnitude can be cited as evidence for a magmatic origin even 
though a submagmatic temperature cannot be cited as evidence against an 
ultimate magmatic origin. 

5. Although no minerals or mineral suites can be considered uniquely igneous 
because, for example, mechanical weathering and erosion can result in deposits 
with compositions identical to those of their source rocks, some minerals and 
combinations of minerals, especially when considered in conjunction with 
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textural relationships, can be considered as much more characteristic of igneous 
than of other rocks. However, these are not commonly present in banded gneis- 
ses. (None the less, a few examples of mineral features of, and textures involving, 
common rock-forming minerals that can be considered to be more typical of 
igneous than other rocks are noteworthy. Low triclinicity potassium-feldspar is 
indicative of high temperature of formation—on the other hand, high triclinicity 
potassium-feldspar is not necessarily indicative of a low temperature of forma- 
tion; presence of pericline twinning in the plagioclase constituent of a perthite 
may be indicative of its formation as high-temperature analbite (Laves, 1952, 
p. 563); polysynthetic twinning in plagioclase, rather than a general lack of 
twinning or twinning with but a few subindividuals; plagioclase twinned accord- 
ing to certain laws or law combinations—for example, albite plus Carlsbad- 
albite; regularly—trather than inversely or complexly—zoned plagioclase; zoned 
plagioclases within a given band ‘unit’ with poor correlation as to zone widths, 
compositions, &c. (Greenwood & McTaggart, 1957); combined plagioclase 
grains (Ross, 1957); pigeonitic pyroxene; biotite, plagioclase, potassium-feld- 
spar, quartz, &c, with relative degrees of idiomorphism and interrelationships 
indicative of formation according to the Rosenbusch rule of decreasing basicity). 
Further, from the negative viewpoint there are numerous mineral suites and 
alternating band combinations that can be rather definitely pronounced non- 
igneous (see criterion 14). 

6. Certain chemical relationships (e.g. Al,O,:sum of alkalis and lime, 
MgO: CaO, and K,O: Na,O ratios) and relative concentrations of trace elements 
(e.g. Cr, Ni, and V—see Dietrich, 1959c), especially if considered in conjunction 
with mineralogical compositions, are possibly suggestive of igneous origin, or of 
rather direct derivation from igneous rocks (see criterion 15). Along this line, 
perhaps future work will show that isotopic analyses may offer means of dis- 
tinguishing between certain genetic classes. 

7. A contact metamorphic zone around a gneiss unit under consideration 
might be considered suggestive, although certainly not unequivocal, evidence for 
an igneous origin for the unit. 

8. Overall textural relationships such as relict chilled margins and grain size 
coarsening from outside to inside also might be of value locally. It is perhaps of 
interest with regard to this suggested criterion that San Miguel Arribas (personal 
communication, 1959) has interpreted some such relationships of ‘dikes’ in 
north-eastern Spain to represent mineralogically and structurally reorganized 
and recrystallized mylonites, i.e. friction zones with grain size differences de- 
pendent upon degree of cataclasis and typically finest-grained along the borders 
where crushing was most intense. 

If an igneous origin were proved, the next step logically would be to 
attempt to find out to which subcategory or subcategories the rock belongs. 
Flow structures are well known; the main difficulty here is the prior step 
of proving an igneous origin for the rock itself because in most rock that 
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have undergone any sort of flow it is difficult to prove an igneous versus 
metamorphic origin and, without such proof, it is very difficult to distinguish 
between magmatic flow and plastic flow in solid rock (see Dietrich, 1960). 
Differentiation would probably be recognized most readily through studies of 
mineralogical and chemical trends from one layer to the next. Whether any rock 
unit was formed as the result of magmatic segregation is most difficult to prove 
even if no metamorphism has subsequently affected the rock. Grout (1937) has 
discussed possible means to determine such an origin and ends up with few 
criteria of little value other than the requirement of coarse texture (apparently 
segregation would occur only in slowly cooled rocks) and the fact that angular 
grains are unlikely, either feature of which could also reflect other origins (or be 
modified beyond recognition by subsequent metamorphism). 


Relict: Supracrustal 


(None of the criteria that appear to apply only to jaspilites, banded ironstones, 
is given because this type of banded rock has not generally been, and is not here- 
in being, considered to belong to the banded gneisses petrographic group.) 

9. Fossils occur only in rocks of supracrustal origin. However, strictly in 
accordance with the definition of magma subscribed to herein, a fossil—if of the 
replacement type and of a highly refractory mineral—could possibly persist 
through partial melting and thus occur in an ‘igneous’ rock. 

10. Pillows occur only in extrusives. 

11. Some clastic grain-shapes are distinctive. Although cataclasis, high-tem- 
perature crystallization, and even partial fusion have been reported to have been 
responsible for formation of rounded grains, this criterion is of value especially 
if considered in conjunction with mineralogical and chemical compositions of 
the possibly clastic grains and their associated minerals. Grain-surface examina- 
tions should supplement grain-shape observations where possible. 

12. Stratification, especially cross-bedding and scour-and-fill features, are 
common in sediments composed chiefly of fragments greater than clay-size. A 
few rather rare intrusive features and dynamic metamorphic effects are similar 
to these in appearance. These relict stratification features are retained best in 
relatively coarse sedimentites where the specific surface subject to attack (and 
thus destruction) during post-lithification processes is relatively small, and also 
in originally supracrustal rocks which consist of alternating layers of diverse 
compositions. Absence of relict stratification cannot be considered as evidence 
against a supracrustal origin. 

13. Composite grains and rock fragments are generally of clastic origin. Ex- 
ceptions would be those within fault zones and within intrusive breccia zones, 
neither of which would be likely to cause any ambiguities in banded gneiss studies. 

14. Many minerals have been listed by various workers as common in meta- 
sedimentites and uncommon or absent in meta-igneous rocks, e.g. cordierite, 
kyanite, sillimanite, andalusite, dumortierite, graphite, staurolite, garnets (except 





Fic. 1. Chiefly Relict Supracrustal type banded gneiss. Orn6 Huvud, Sweden (photograph by Thomas 
Lundgavist). 


Fic. 2. Composite Migmatization type banded gneiss. A pre-existing, probably relict, supracrustal 
banding accentuated by /it par lit injection. Near Kristiansand, Norway. 
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spessartite and possibly pyrope), corundum, and some high-lime minerals. None 
has been proved to occur only in metasedimentites; in fact, most have been 
reported to occur also in numerous other rock types (see, for example, Tilley, 
1921, pp. 93-94, on garnets and Harme, 1958, p. 57, on sillimanite). Again, how- 
ever, as was mentioned under the ‘Relict igneous’ category, some combina- 
tions and concentrations, especially where found in conjunction with certain 
textures, are certainly suggestive of supracrustal rather than any other origin, 
e.g. a sand-sized olivine-quartz rock. Especially important along this line are 
observations of mineral varieties, e.g. rounded fragments of more than one 
variety of the same mineral, resistant to weathering and erosion processes, within 
a rock is highly suggestive of supracrustal origin. Similarly, the presence of dif- 
ferent members of the same isomorphic series in different layers is more easily 
harmonized with original compositional differences in a supracrustal series of 
rocks than with other possibilities. 

15. Certain chemical relationships (e.g. high Al,O,:alkalis plus lime, 
K,O > Na,O, and MgO > CaO) and relatively high concentrations of certain 
elements (e.g. Si and Al), especially if considered in conjunction with overall 
rock group compositions and textural features, are suggestive of sedimentary 
origin. Here, again, relative concentrations of trace elements (e.g. Sc, Cu, Pb, 
Au, Ba, Co, Ni, Cr, and Hf) and isotopic ratios (e.g. Cy.:Cy3, Oyg: O17: Og, and 
H:D) may also in the future be proved to be valuable genetic criteria. In nearly 
all cases, elemental data should be considered in conjunction with overal! rock 
chemical and mineralogical data. 

16. Spatial association, especially where there are concordant relationships, 
with marbles, quartzites, metaconglomerates, and similarly distinctive meta- 
supracrustal rocks are suggestive of supracrustal origin. However, use of this 
criterion is hazardous because such considerations are, by their very nature, too 
exclusive. 

17. Certain textural elements, such as helicitic, porphyroblastic, and poikilo- 
blastic minerals have been suggested for use as criteria of metasedimentary 
origin. However, it appears quite possible that nearly all could be formed from 
rock materials and within rocks oi an origin other than sedimentary if such were 
subjected to any one of a number of diverse processes under certain conditions. 
(See also criteria 5, 46, and 47.) 


Composite: Migmatization 


(This general category includes banded migmatites that have been formed by 
lit par lit injection and those formed as the result of differential melting, i.e. 
partial anatexis. Although, theoretically, the non-magmatic portions of such 
a gneiss might be any rock and any composition, typically the non-magmatic 
portions are metamorphosed supracrustal rocks and the magmatic portions 
relatively silica-rich (> 60 per cent). Proof of migmatitic origin necessitates 
proving that some of the bands of the gneisses went through a magmatic stage 
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whereas others did not—at least not during the same period of magmatism. The 
first two (18-20) criteria presented under this subheading pertain to any banded 
migmatites ; the last five (21-26) are offered as possible criteria for distinguishing 
between the two subcategories of migmatites, /it par lit injection and partial 
anatexis.) 

18. As mentioned in the preceding parenthetical remarks, proof of migmatitic 
origin for a banded rock necessitates proving that some bands went through 
a magmatic stage while others did not. Such determinations may include use of 
practically any of the listed criteria and also of some of those given under the 
sub-heading ‘ Metamorphic differentiation’, e.g. to suggest an extreme in order 
to illustrate, the presence of alternate bands of solid glass and fossil-bearing 
calcareous rocks would be conclusive. 

19. Proximity to a rock mass that, subsequent to formation of at least the 
autochthonous part of the migmatite, had great enough heat to be within the 
range of magmatic temperatures at concurrently existent pressures is suggestive. 
Along this line, the presence of ptygmatic features may be suggestive if formed 
according to the hypothesis of development in a passive host (Dietrich, 19595), 
However, the author now believes that perhaps this hypothesis needs modifica- 
tion so as to permit such formation by other than magmatic solutions. 

20. Foliation of one type of band essentially parallel to the main banding and 
of the other type(s) of bands at an angle to the main banding, especially if the 
former are of igneoid character, is indicative of a composite origin as the result 
of lit par lit type injection controlled by pre-existing cleavage. 

21. Consanguinity of igneous bands and a spatially associated igneous mass 
is evidence for a /it par lit injection origin. Field, mineralogical, and/or chemical 
relationships may suggest such a consanguinity. 

22. Thickness in comparison to lateral extent of the igneous bands may be 
suggestive, e.g. extremely thin bands with relatively great lateral extent must 
necessarily be considered more likely to represent differential anatexis than /it par 
lit injection. On the other hand, bands with smaller dimensional differentials 
may be of either origin. 

23. Relict sedimentary (including pyroclastic) features within the igneous bands 
support the differential melting possibility. High melting-point accessories with 
clastic characteristics are most likely to persist. Obviously, the less the portion 
of the whole that became melted, the simpler the task of recognition of a sedi- 
mentary parentage, but the more difficult to place in this versus the metamor- 
phosed supracrustal rock category. This serves well to accent the gradational 
quality of the join between these categories. 

24. Igneous ‘bands’ that are isolated in three dimensions are likely to be of 
anatectic (including ectectic) origin. 

25. Igneous band compositions that seem to be closely related to, if not con- 
trolled by, those of adjacent bands are more likely to reflect an anatectic (ectectic) 
origin. 
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Fic. 3. Relict Supracrustal type banded gneiss modified by migmatization probably dependent upon 
differential anatexis and relatively local movements of the mobilized material. Randesund area, 
Norway. 


Fic. 4. Relict Supracrustal type banded gneiss modified locally with band accentuation, by permea- 
tion processes. Randesund area, Norway. 
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Composite: Permeation 


(Distinguishing between permeation as the result of molecular or ionic diffu- 
sion versus pneumatolysis versus hydrothermal activity is essentially impossible, 
as has been recognized by most previous workers. Even according to most 
definitions there are overlappings among the processes. Therefore, they are 
grouped under permeation in this paper. Of course, one of the main considera- 
tions herein is whether or not a highly permeated meta-sedimentite can be dis- 
tinguished from an igneous rock. Although, as has been so well stated by Grout 
(1941, p. 1528), ‘The first and almost insurmountable difficulty in proving that 
an igneous-looking rock resulted from the metasomatism of one that was not 
previously igneous-looking is that the more successful the process is, the more 
completely it destroys the evidence of the process by which it was formed’ there 
do appear to be a few criteria that are possibly usable for many rocks.) 

26. Pseudomorphs indicate replacement and thus some activity of the type 
generally included under this category. This should be extended to include re- 
placements of textures and other features as well as of minerals, e.g. a rock 
texture with mineral components that do not originate with such a texture. 

27. Obviously added minerals, such as albite in a limestone, probably were 
formed as the result of a permeation process. Of course, in the case of meta- 
morphosed sedimentites, some such odd minerals can be interpreted as possibly 
bird-dropped or some other rare process. 

28. Abnormally large grains, such as those commonly referred to as dents 
de cheval, probably grew in place from materials supplied by permeation, 
perhaps so local as to be attributable to metamorphic differentiation. 

29. Dust-free grains within a rock that consists chiefly of dust-rich grains, and 
unbroken grains of a certain mineral (or group of minerals) in a highly cata- 
clastic rock were likely formed at least in part from introduced materials. This 
is most suggestive in conjunction with certain grain sizes and mineralogical 
compositions. 

30. Chlorite, epidote, sericite, serpentine, pyrite, some garnets, pure albite, 
uralitic amphibole, barite, fluorite, some perthites, and myrmekite are considered 
by many workers to have been formed chiefly as the result of permeation pro- 
cesses. However, none is known to have been formed only as the result of such 
processes and some have been found in environments where such an origin must 
be considered highly unlikely. 

31. Mineral grains, especially if faceted, that intersect pre-existing features 
may be indicative of formation by one of these processes. However, in some 
cases, this may be interpreted as simply recrystallization or even metamorphic 
differentiation (this is one of the cases where there is gradation between processes 
of the three types; characterization of the product as belonging to one versus the 
others depends chiefly upon the reporting investigator’s prejudices concerning 
how far movement of materials must be to constitute one of the permeation 
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processes versus recrystallization versus metamorphic differentiation). There-. 
fore incompatibility, in a chemical sense, of such mineral grains would appear to 
\- be a necessary combination to make this a really good criterion. 


¥ 32. Concentrations of a certain mineral or certain minerals (especially if 
t obviously non-sedimentary) along contacts, within and near fracture zones, 
e and/or within only particular lithologies (defined either mineralogically or 


- texturally) are suggestive of permeation processes. Numerous controls such as 
= chemica! (including catalytic actions), mineralogical (such as substrate control), 


t and physical (such as effective permeability and specific surface subject to attack) 
t might obtain. Along this line, the presence of but a single mineral or, if more 
t than one mineral, of an arrangement of minerals in zones subparallel to the 


boundaries of the filled spaces (versus a non-segregated multimineral filling) 
possibly favours a permeation origin. 
33. Although additive and subtractive effects associated with permeation 





e processes may show spatial preferences (see 32), they are typically effective 
- within relatively large zones, whereas those associated with metamorphic differen- 
k tiation are spatially restricted to the point that two direction, addition-plus 
subtraction—subtraction-plus-addition effects may be apparent (this, like 32, 
e however, is extremely subjective and mainly dependent upon considerations 
- ; concerning distance of movement of involved materials). 
y § 34. Just as is true with rocks of the other main ‘Composite’ category, permea- 
tion-affected rocks of the banded gneiss type may have some bands or zones with 
s | mineralogical compositions apparently of much different metamorphic grade(s) 
. | than others. If such anomaly is marked by an apparent misfit mineral or misfit 
' group of chemically related minerals, this may be valuable as a criterion of 
d | permeation process(es) activity (see 27). If it is a matter of bands of quite different 
- | general lithology and metamorphic grade, either the ‘composite migmatization’ 
s | orthe ‘Relict’ categories appear the more likely interpretation. (Inclusion of the 


‘Relict’ possibility may raise objections, but the author believes that it is possible 
that original rock composition, type of aggregation, &c., can control subsequent 
metamorphic processes to the point that alternating layers in a banded gneiss 
might, from the mineralogical standpoint, belong to what are generally con- 
- | sidered different metamorphic facies.) In this case, geothermometry may be an 
h =f aid. 

t | 35. Lack of any evident local source for constituents of minerals is suggestive. 
_ Some of these aspects have been at least hinted at in criteria 32 and 33. An aspect 
not mentioned in either is that some permeation process is probably favoured if 
lateral tracing shows rocks of the same general composition as the questioned 
zone except for the lack of certain element(s). 

36. A nearby possible source might aid considerations locally. However, any 
apparent lack of same cannot be used as evidence against this possible genesis 
} because in general there is too great a lack of third dimension (depth) information. 
| This is not the opposite of criterion 35. The term ‘local’ in that section refers 
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to a source within the banded gneiss sequence whereas ‘nearby’ in this section 
refers to a spatially-associated source outside the sequence. 


Metamorphic differentiation 


(Although there is a vast mass of literature concerning metamorphic differen- 
tiation, the mechanisms are not well understood. Further, there are noteworthy 
disagreements in previously published literature concerning the subject. Although 
the solid state is supposedly maintained throughout strictly metamorphic pro- 
cesses, at least much so-called chemical metamorphic differentiation and some 
processes previously referred to mechanical metamorphic differentiation are un- 
doubtedly enhanced by, if not dependent upon, fluid activities. Mechanical dif- 
ferentiation is necessarily synkinematic and is the manifestation within a rock of 
chiefly mechanical adjustments that are dependent upon differences in physical 
properties of the constituent minerals. Typically, the minerals present are re- 
distributed and reoriented according to their shapes and/or undergo gliding (in- 
cluding induced twinning) within them. Chemical differentiation, on the other 
hand, may or may not be (although much of it probably is) synkinematic and is 
generally considered to manifest one or more of the mechanisms first des- 
cribed by Eskola (1932a) and referred to as the concretion principle, the principle 
of enrichment in the most stable constituents, and the solution principle. Ob- 
viously, according to these ‘ purist-type’ definitions, the chief difference between 
the products of the one versus the other process would be that strictly mechani- 
cally differentiated rocks would retain, essentially, their pre-differentiated over- 
all mineralogical compositions whereas chemically differentiated rocks might 
show mineralogical changes because of recrystallization and/or other chemical 
redistributions. Actually, such differences are probably more theoretical than 
real; in most cases, the two types of differentiation probably have acted together 
(see, for example, suggestions of Eskola, op. cit.; Sander, 1930, pp. 115, 269-75; 
Turner, 1941). In particular, rocks formed as the result of ‘pure’ mechanical 
metamorphic differentiation are probably extremely rare. Banded rocks are 
believed by some workers to be possible end-products where differentiates 
sufficiently different from each other become almost completely segregated and 
assembled into alternating bands. Although so far as banded gneisses are con- 
cerned the processes are generally envisioned as responsible for formation of 
banding in a pre-existing, essentially homogeneous rock, considerations, in 
order to be in any way complete, must be extended to include even mere band- 
accentuation in pre-existing banded rocks. Metamorphic differentiation banding 
may be either parallel to or at any angle to pre-existing stratification.) 

37. Banding at an angle to original stratification, especially if coincident with 
some cleavage such as a transposition cleavage in a complex gneiss, would be 
indicative: the possibility that such might reflect relict cross-bedding should be 
disproved. 

38. Depletions from one type of band that may be balanced with additions to 
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on another type of band is evidence for metamorphic differentiation. However, in 
some cases supracrustal fractionation processes cannot be delimited ; also, ectexis 
could be similarly reflected so the mineral assemblages involved must be con- 
sidered. 

n- 39. Lateral tracing into a homogeneous unit with the same chemical compo- 
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- Fic. 5. Relict Supracrustal type banded gneiss modified by metamorphic differentiation. Randesund 

f area, Norway. (Scale in cm.) 

- sition as the overall chemical composition of the banded rock is especially 

g suggestive of metamorphic differentiation where found in combination with 

j criteria 37 and/or 38. The presence of minerals in the banded different from those 

in the unbanded facies supports chiefly chemical metamorphic differentiation; 

> the presence of the same minerals in both favours neither chemical nor physical 

differentiation. In nearly all cases, disproving the possibilities that these relation- 
ships represent ‘Relict supracrustal’ and/or some composite geneses will be 

Pas | extremely difficult. 
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40. Presence of banding in only the high- or possibly the high- and the inter- 
mediate-metamorphic grade rocks in any area of progressive metamorphism, 
especially if coupled with criteria 37 and/or 38, constitutes support for a meta- 
morphic differentiation origin. 

41. Mechanical sorting dependent upon such properties of minerals as sus- 
ceptibility to gliding may be offered in support of a mechanical metamorphic 
differentiation mode of origin. However, if the mineral compositions of the 
layers can be construed to represent, even possibly, other origins such as supra- 
crustal layering, such sorting could reflect pre-existing compositional differences. 

42. Mechanical sorting expressed by a preferred shape-orientation of grains 
can possibly be offered in support of a mechanical metamorphic differentiation 
genesis. However, supracrustal imbrication must be delimited and, because 
shapes are commonly controlled by internal lattice arrangements, syntectonic 
chemical processes must also be delimited. Perhaps the criterion is most usable 
in the opposite sense, i.e. if there is a preferred orientation of lattices, but not of 
grain shapes, the controlling process must have involved chemical transport. 

43. Presence of banding in rocks with chemical compositions which are not 
generally manifest by banding is, it is believed, an unlikely, though, if found, 
a possibly usable criterion. Supracrustal layering plus-or-minus metasomatic 
and/or migmatization activities must be delimited. 

44. Band to band differential cataclasis, including differential mylonitization, 
may be suggestive of mechanical metamorphic differentiation. This is probably 
of little use except locally because of the fact that such a feature can, in most 
places, be interpreted equally logically as reflection of the control of pre-deforma- 
tion lithology over cataclasis. 

45. All bands composed of rocks of the same metamorphic grade, if at 
all usable, would be most useful when used negatively, i.e. if the bands are 
not composed of rocks of the same metamorphic grade, the rock does not repre- 
sent chemical metamorphic differentiation. It cannot be applied with any degree 
of assurance as to its validity from the positive viewpoint. If the minerals in all 
bands are of the same grade and individual minerals are the same even to varietal 
identities, all that is really indicated is that chemical equilibrium may once have 
existed throughout the rock. Actually, if the pre-existing rock could be shown to 
have been heterogeneous, such occurrence could be interpreted to indicate that 
there was free diffusion of material not only within the limits of three adjacent 
bands, but throughout the entire unit. Thus some workers might even consider 
this as evidence against, rather than in favour of, metamorphic differentiation 
because of the probable necessity for transport of materials over relatively great 
distances. 

46. Presence within a unit of bands of several diverse compositions may con- 
stitute at least permissive evidence against formation by any metamorphic dif- 
ferentiation process (and, by the way, in favour of formation as supracrustal 
layering). On the other hand, constitution of a banded gneiss by alternations of 
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but two general lithologic types of bands cannot be considered to be evidence in 
favour of formation by metamorphic differentiation. 

47. Restriction of a banded gneiss to a shear zone or similar-type locus is 
evidence in favour of formation as the result of, or controlled by, tectonic 
activity, particularly if the zone cuts across major lithological contacts. If such 
azone is parallel to major lithological contacts, the possibility that the banding of 
the banded gneiss is a relict supracrustal layering and that it was sheared merely 
because its original lithological characteristics made it more suceptible to effec- 
tive deforming forces than other rocks of the sequence must be disproved. The 
converse of this criterion, i.e. that a large regional extent of a banded gneiss unit 
is negative evidence for the formation of its bands in response to tectonic activity 
(and positive evidence favouring formation as supracrustal layering), is also 
worth consideration. In either case, this criterion calls special attention to the 
importance of knowing regional settings of banded gneisses. 


Most workers who encounter banded gneisses will find that the rocks of each 
occurrence are amenable to at least tentative genetic classification in the field. 
In nearly all cases, from the outset, they will be able to delimit some of the 
theoretically possible geneses. An attempt has been made to present the criteria 
and discussions in such a manner that possible means of distinguishing between 
most commonly enigmatic pairs is apparent. Therefore, presentation of a flow 
sheet style of listing of the criteria seems quite unnecessary. 


GNEISSES STUDIED 


A complete statement concerning the author’s investigation of the banded 
gneisses of the Randesund area of south-eastern Norway and his brief considera- 
tions of banded gneisses from southern Finland, the northern Pyrenees in south- 
ern France, the south-western Black Forest of Germany, the Stockholm area 
(including Ornd) of eastern Sweden, and the two ‘root zones’ of the southern 
Alps of Switzerland are given in other papers (Dietrich, 1959c and manuscript in 
preparation). Because of this, and because the gneisses of all these areas are in 
general similar in both characters and origins (the chief differences appear to 
reflect only relative differences in the degree of effectiveness of diverse modifi- 
cation processes) only a short summary statement concerning the gneisses of 
the Randesund area is given here as an example. 

In the field the bands of the banded gneisses of the area can be seen to range 
from a few grains to a few metres in thickness and up to hundreds of metres in 
their other dimensions. They belong to the same sequence as relatively large units 
of meta-arkoses and small lenticular masses of impure marbles of undeniably 
supracrustal origin. The banding of the gneisses is concordant to major litho- 
logical contacts. Petrographically the bands are of such diverse compositions as 
nearly pure quartzites, gneissic arkosic quartzites, epidote-quartz gneisses, two- 
mica schists, amphibole-rich gneisses, and amphibolites. Both the parageneses 
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and chemical constitutions of the units appear, possibly, to reflect original supra- 
crustal formation compositions. Trace element analyses of some of the amphibole- 
rich foliate units appear also to indicate original sedimentary formations, 
Geothermometric studies appear to show that the last attainment of equilibrium 
among Ab, An, and Or feldspar molecules was at temperatures generally as- 
sociated with high-greenschist to low-amphibolite facies conditions. These and 
other data appear to support best an eclectic origin for the banded gneisses of 
the area: control by regional supracrustal stratification over presently observable 
banding, essentially isochernical metamorphism, local chemical metamorphic 
differentiation, local differential cataclasis, local formation of features best ex- 
plained as the result of spatially restricted and/or possibly long distance move- 
ment of K,O (or even of all K-feldspar constituents), and local plastic flowage 
and/or magmatic flowage accompanying partial anatexis. 


GENERAL CONCLUSIONS 


The theoretical classification suggested in the Introduction appears to need 
modification if it is to become more nearly in agreement with the rocks. To re- 
consider each suggested category: 


Relict igneous 


It is quite unlikely that magmatic flowage, differentiation, or segregation ever 
resulted in the formation of a rock that would be called a banded gneiss (al- 
though, as was mentioned in a preceding section, layering such as that of the 
Bushveld Complex might be cited by some workers and thus must be considered 
as a possible exception). General exclusion of this category appears to be war- 
ranted on the basis that no strictly magmatic rocks other than those of supra- 
crustal origin have been or are likely to be found to exhibit banding so well 
defined and similarly characterized as that of banded gneisses. In general, just 
as is true for the banded gneisses of the Randesund area, layer-to-layer compo- 
sitional differences and overall compositional characters will serve to delimit all 
of the possible modes of formation of this category and dimensions of bands will 
generally delimit at least flow and segregation, even where compositions are 
ambiguous. 


Supracrustal stratification 


The banding of most banded gneisses probably reflects directly or reflects 
formation controlled by supracrustal stratification. 


Composite migmatization 


Banded gneisses of each of the ‘composite migmatization’ subcategories, /it 
par lit injection and differential anatexis, probably exist. Formation of either 
type would depend upon the pre-existence of some banded feature. However, 
lit par lit injection would require only physical differences—either stratigraphic 
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or structural, whereas differential anatexis would also require chemical band-to- 
band differences. Therefore, whereas a banded gneiss could gain its lithological 
banding initially as the result of /it par lit injection, the lithological banding of 
any banded gneiss, the present appearance of which depends in part on differ- 
ential anatexis, would be merely second generation or modified pre-existing 
banding. Two other considerations are noteworthy: the bands of most ‘typical’ 
banded gneisses are too regular and of such relative dimensions that a /it par lit 
injection mode of formation is essentially precluded; and, for any banded 
gneisses that were formed as the result of /it par lit injection it appears that some 
of the generally held ideas of this type of injection must be modified. Syntectonic 
permissive injection (see Dietrich, 1954) appears to be much more in harmony 
with observations so far reported than the originally proposed forceful injection. 


Composite permeation 


It is unlikely that formation of the banding of any banded gneiss can be 
ascribed wholly to permeation processes: at most, such processes may have 
locally accentuated pre-existing banding. 


Metamorphic differentiation 


Tentative general conclusions believed to be probably the safest and most 
logical in relation to the possible roles of metamorphic differentiation in the 
formation of banded gneisses are: (1) no typical banded gneiss with large areal 
extent was ever formed as the result of mechanical metamorphic differentiation; 
(2) if a banded gneiss has ever been formed chiefly in response to any type(s) of 
metamorphic differentiation process(es), it was formed chiefly as the result of 
chemical metamorphic differentiation, probably acting in conjunction with 
mechanical differentiation and controlled by pre-existing chemical and/or physi- 
cal inequalities in the rock, i.e. the banded structure pre-dated, and was merely 
accentuated by, the metamorphic differentiation; and, (3) the pre-existing 
chemical and/or physical inequalities could have been original, such as strati- 
graphic or structural and, in the case of a structural control, the term ‘pre- 
existing’ may need to be interpreted so broadly as to permit inclusion of earlier 
events of the same cycle. Therefore, as previously stated, the author also believes 
that considerations of the possible roles of metamorphic differentiation processes 
in the formation of banded gneisses, in order to be in any way complete, must be 
extended from the generally envisaged formation of banding in a pre-existing 
essentially homogeneous rock to include band-accentuation in pre-existing 
banded rocks. The first conclusion, if true, would mean that the ‘Metamorphic 
differentiation-mechanical redistribution’ category of the suggested classifica- 
tion is essentially superfluous. The second and third conclusions, if true, would 
relegate chemical and even most combined mechanical-chemical metamorphic 
differentiation to the roles of subsidiary processes in the formation of typical 
banded gneisses. This also would mean, of course, that for genetic considerations 
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of any given banded gneiss the chief consideration becomes whether or not any 
metamorphic differentiation process was of importance in the formation of any 
of the presently visible banding features. 
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